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VISIBLE VERTICAL CAVITY SURFACE EMITITING LASERS
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Ph.D. Electrical Engineering, University of New Mexico at Albuquerque, 1993

This dissertation explores the design, fabrication, and characterization of visible

(620 to 690 nm) vertical cavity surface emitting lasers (VCSELs), consisting of in

(AlyGal.y)xlnl.xP strained quantum well optical cavity active region, surrounded by

AIAs/AlxGal.xAs and Al0. 5In0. 5P/(AlyGa1_y)0.5In0.5P distributed Bragg reflectors

(DBRs). The lattice-matched device structures are grown on GaAs substrates by

metalorganic vapor phase epitaxy (MOVPE). The key design and fabrication issues are

reviewed and contrasted with conventional Gal..yInyAs/AlxGa1.xAs near infrared (IR)

VCSELs. Design trade-offs and quantum well gain characteristics are examined by

studying optically pumped structures. Device fabrication techniques are developed, and

the first electrically injected visible AlGaInP VCSELs are demonstrated. Prototype

devices operate with pulsed current excitation at room temperature with a maximum

output power of 3.38 mW at a lasing emission wavelength of 650 nm with threshold

current densities of about 4.2 kA/cm2 and threshold voltages of about 2.7 V. Due to

cavity losses and unoptimized gain layer design, lasing is only achieved with significant

gain contributions from the second (n=2) quantized quantum well state. With several

viii



design improvements, pulsed room temperature (23 0 C) lasing is achieved over the very

broad range 629.6 to 691.4 nm, where the lasing emission above 650 nm is due primarily

to gain contributions from the first (n=l) quantized quantum well state. For conventional

top-emitting ion implanted devices, efficient room temperature continuous wave

operation is demonstrated over the range 656.6 to 684.9 rim, with threshold currents

below 2 mA (with threshold current densities of about 2 kA/cm2), threshold voltages of

about 2 to 3 V, and output powers exceeding 0.5 mW.
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Chapter 1 Introduction

Semiconductor laser diodes were first demonstrated in 1962, within two years of

the first ruby laser [Siegman 1986]. During the 1970s, GaAs/A1GaAs laser diodes

emitting in the near infrared (IR), 0.8 to 0.9 jim, were developed as sources for fiber optic

communication systems [Casey and Panish 1978]. Subsequent research focused on

GalnAsP/lnP laser diodes for emission at 1.3 and 1.55 prm, where silica fibers have their

lowest dispersion and loss [Agrawal and Dutta 1986]. Laser diode performance

drastically improved during the 1980s, due largely to advances in molecular beam epitaxy

(MBE) and metalorganic vapor phase epitaxy (MOVPE). These techniques are used for

the growth (with monolayer precision) of quantum well lasers, and for a plethora of other

"Bandgap Engineered" microstructures. Today, double heterostructure and quantum well

GaAs/AlGaAs edge-emitting lasers are mass produced, inexpensive, and the workhorses

of the photonics industry [Hecht 1993b]. Such lasers, emitting a few milliwatts at 780 nm

in a single transverse mode, are the "styli" of audio compact disc players.

The study of diode lasers remains one of the most active areas in semiconductor

device research. Much of the recent work has centered on new rn-V and Il-VI compound

semiconductor materials for shorter wavelength, visible lasers [Hecht 1993a]. Visible

lasers are composed of GaInP/AlGaInP for emission at -560 to 690 nm (green to red), or

ZnCdSe/ZnMgSSe for emission at -450 to 510 nm (blue to blue-green). The first

practical red lasers (continuous wave operation at room temperature) were demonstrated

in 1985. The first (prototype) blue-green laser diodes were demonstrated in 1991

[Haase et al. 1991, Gunshor et al. 1993].
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Compared to gas and solid-state lasers, semiconductor lasers have the advantage

of smaller size and higher efficiency (typically 30 to 50%, compared to 1% or less), and

they can be manufactured in large quantities by using microcircuit fabrication techniques.

While several laser diode device geometries have been studied over the past three

decades, the majority of manufactured devices are individual edge-emitting lasers. A new

type of laser diode, the vertical cavity surface emitting laser (VCSEL), promises to do for

photonics what integrated circuits did for electronics

Figure 1.1 compares a visible edge-emitting laser to a visible VCSEL. The

primary differences are the physical size of the resonant cavity, the construction of the

mirrors, the geometry of the emission aperture, and the direction and properties of the

light emission. For the VCSEL, the resonant cavity is typically 1 to 2X thick (I =o/n,

where Xo is the free space emission wavelength and n is the refractive index), the mirrors

are distributed Bragg reflectors (DBRs) (otherwise used in optics as high reflectance

coatings), the aperture is lithographically defined on the surface as a circular opening, and

the round emission beam is straight-up, perpendicular to the wafer surface. For the edge-

emitting laser, the resonant cavity is -1.5 to 5kX thick, the mirrors are cleaved facets

(along (110) planes), the aperture is intrinsic to the device geometry, and the oval

(astigmatic) emission beam is sideways, parallel to the wafer surface. VCSELs have

several key advantages over the edge-emitting lasers including: 1) surface normal output,

2) a circular symmetric output beam with Gaussian intensity profile, 3) a low beam

divergence (< 70 full angle), 4) single wavelength emission (linewidth < 1 A), and

5) ease of manufacture.

One of the major attractions of surface normal emission is the ability to fabricate

monolithic two-dimensional (2D) arrays of microlasers, where each laser can be

modulated independently. With conventional fabrication technology, vast numbers

(hundreds of thousands) of microscopic "points of light" can be defined on a single 2 inch
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diameter GaAs wafer. The circular output beams are easily coupled into optical fibers, or

focused or collimated with microlenslets. The VCSELs can be tested individually at the

wafer level, greatly reducing manufacturing costs. Additionally, the as-grown VCSEL is

complete and does not require elaborate post fabrication steps. Although the VCSEL

structure is more complicated than that of the edge-emitting laser, the critical epitaxial

layer compositions and thicknesses are accomplished during growth, whereas only

micron sized feature definition is required during device fabrication. The disadvantages

of VCSELs, compared to edge-emitting lasers include lower output power, higher

temperature sensitivity, and a limited range (-0.8 to 1.3 pno) of emission wavelengths.

The vertical Fabry-Perot cavity surface emitting laser, later called a VCSEL,

was pioneered by a research group at the Tokyo Institute of Technology

[Soda et aL 1979, Iga et al. 1988]. The first device was composed of GaInAsP/InP, with

an -90 gm thick optical cavity and metallic mirrors (the top metal film was semi-

transparent). As the structure evolved, quantum well active regions and DBR mirrors

were added. This complexity necessitated the use of the more mature GaAs/AlGaAs

material system. The first practical GaAs IR VCSELs, emitting at Xo -870 rnm, were

demonstrated in 1988 [Koyama et al. 1989]. Recent advances in strained quantum well

GaInAs/AlGaAs IR VCSELs emitting at Xo -980 nm include submilliamp threshold

current [Geels et al. 1990], low threshold voltage (1.49 V) [Lear et al. 1993], and high

(100 mW) output power [Peters et al. 1993]. Additionally, the first practical GaInAsP/InP

VCSELs emitting at 1.3 pm were recently demonstrated [Baba et al. 1993].

Prior to 1991, published research on shorter wavelength (X < 800 nm) VCSELs

was limited to all-AIGaAs structures, where the active regions were composed of

GaAs/AlAs multiple quantum wells or short period superlattices [Gourley and

Drummond 1987, Lee et al. 1991]. However, the efficiency of an all-AlGaAs active

region greatly diminishes for emission below -770 nm due to nonradiative
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recombination and poor carrier confinement. A more efficient choice for visible (red)

emission is AIGaInP active regions. Shorter wavelengths are desirable, for example,

because the storage density of optical discs increase as the measurement wavelength

decreases. Shorter wavelengths are also important for visual applications. As shown in

Fig. 1.2, the human eye is increasingly sensitive to shorter red wavelengths. The eye

sensitivity to emission at 640 nm is 10 times that at 680 nrm, and the sensitivity at 630 nm

is -70 times that at 700 nm. For applications such as barcode readers or projection

displays, much lower output powers can be used with lasing emission at the shorter

wavelengths, while maintaining equal receptor response. Other potential applications for

visible (620 to 690 nm) AlGaInP VCSELs include low cost plastic fiber communications,

optical interconnections and computing, distance measurements, holographic memories,

medical diagnostics, and high resolution printing.

The focus of this dissertation is the design, fabrication, and characterization of

visible (620 to 690 nm) VCSELs, composed of AlGaInP quantum well optical cavity

active regions, and surrounded by AlGaAs and AIGaInP DBRs. The development of

AlGaInP visible VCSELs is very materials and growth intensive. The proper design of

visible VCSELs requires a full understanding of the optical, electrical, and thermal

properties of the constituent materials. Whereas the properties and optimal growth

conditions of AlGaAs have been extensively studied, the epitaxial growth and properties

of AIGaiP inaterials and devices remains a very active and relatively new area of

semiconductor materials research. The epitaxial structures described in this dissertation,

unless noted, were grown by metalorganic vapor phase epitaxy (MOVPE) at Sandia

National Laboratories under the direction of R. P. Schneider, Jr. Highlights of the initial

ground breaking studies on the growth and properties of AIGaJnP bulk and quantum well
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sructures, and on AlGaInP and AIGaAs DBRs for visible photonic applications, appear

in some of the figures in Chapter 2 and Appendix A.

The dissertation is organized as follows. Chapter 2 overviews the device physics

and design of AIGalnP visible VCSELs and related structures. Chapter 3 presents data on

undoped, optically pumped visible VCSELs with both AlGaAs and AIGaInP DBRs. The

design and spectral charactersitics of a new type of microcavity device, the resonant

cavity light emitting diode (RCLED), are presented in Chapter 4. Chapter 5 contains the

characteristics of the electrically injected visible VCSEL diodes. Finally, a summary of

the research results and suggestions for future work are given in Chapter 6.
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Chapter 2 Physics of Visible Resonant Cavity
Photonic Devices

2.1 Introduction

This chapter outlines the design of visible (620 to 690 nm) vertical cavity surface

emitting lasers (VCSELs) and related resonant cavity photonic devices. For our purposes,

visible VCSELs consist of an AlGaInP quantum well optical cavity active region,

surrounded by either AlGaAs or AlGaInP distributed Bragg reflectors (DBRs). In

contrast, the widely studied (conventional) infrared (IR) VCSELs typically consist of

GaInAs or GaAs quantum well active regions, surrounded by AJGaAs DBRs. The useful

design equations are drawn from standard references on thin-film optical coatings, and

from the last decade of published research on IR VCSELs. Several example structures are

analyzed in detail. These structures provide insight into the research methodology and

experimental results presented in Chapters 3, 4, and 5. While the basic design principles

of IR VCSELs have been treated elsewhere [Iga et al. 1988, Jewel et al. 1991], this is the

first comprehensive design review of visible VCSELs.

The Chapter organization is as follows. Section 2.2 is a general overview, and

includes a comparison between visible VCSELs and visible edge emitting lasers. Next in

Section 2.3, AlGaInP optical cavity active regions are presented. This is followed by a

discussion of distributed Bragg reflectors (DBRs) for visible photonics applications in

Section 2.4. Here, some example DBRs, grown by metalorganic vapor phase epitaxy

(MOVPE), are analyzed in detail. In Section 2.5, some general properties of multilayer

Fabry-Perot etalons are reviewed. This structure, consisting of an optical cavity
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surrounded by DBR mirrors, is the optical basis for VCSELs. Section 2.6 contains some

design considerations for complete visible VCSEL structures including trade-offs

between DBR doping, quantum well gain and placement in the optical cavity, cavity

losses, and temperature effects. A comparison between conventional IR and visible

VCSELs is also included. Finally, the chapter conclusions are given in Section 2.7.

2.2 Visible VCSEL Overview

Figure 2.1 is a schematic diagram of a general visible (620 to 690 nm) VCSEL

structure. The structure is grown by MOVPE on a GaAs substrate, and can be divided

into three optical blocks: 1) an optical cavity active region; 2) a top DBR mirror, and;

3) a bottom DBR mirror. For VCSEL diodes, the DBRs and the adjacent optical cavity

active regions are doped n and p-type. Since GaAs is highly absorbing at the wavelengths

of interest, the reflectance of the bottom DBR is made -100% and emission is through a

top coupling DBR. The thickness of the optical cavity is typically -200 to 400 nm,

although some devices use cavities as thick as -1.5 gm. The thickness of the top (output

coupling) DBR is typically -3 to 4 pJo, while the thickness of the bottom DBR (high

reflector) is typically -4 to 6 pm. The VCSEL is essentially a very high finesse (defined

later), asymmetric Fabry-Perot (etalon) resonant cavity designed for lasing operation at

Xo, the design wavelength.

An important characteristic of the optical cavity (for normal incidence) is the

phase factor 8oc, given by [MacLeod 1989]

2 x N d. (radians) (2.1)
1.0
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where N is the complex index of refEraction, and dec is the physical thickness. A complex

phase factor corresponds to absorption in the medium. Twice the phase factor is the phase

shift for a round trip pass in the optical cavity. If do =-u J2N, with u = 1, 2, 3,..., then

28oc = 2z. This phase plus the DBR mirror phases should be 2x at )LO (thus satisfying the

modal condition for lasing). Included in Fig. 2.1 is a plot of a standing wave pattern (on

resonance) overlapping a single Ga0.48In.52P quantum well that is centered in the optical

cavity. The position of the quantum well(s) relative to the standing wave peaks

(antinodes) is a critical design parameter. This is discussed in more detail in Section 2.6.

The important characteristics of the DBRs include the reflectances Riop and Rbottom (as

seen from the optical cavity), and the reflectivity phases (4p), all of which are functions of

wavelength. Included in Fig. 2.1 are example DBR reflectance and reflectivity phase

characteristics.

It is useful to examine the gain length, required threshold gain, required

reflectance, and the number of modes of VCSELs, as compared to standard edge-emitting

lasers. For edge-emitting lasers at threshold, the round trip cavity gain equals the round

trip cavity loss, such that [Casey and Panish 1978]

r gth = C + I In[ Il/R] (cm-1) (2.2)L

where r is the confinement factor, gth is the gain required at threshold, ai is the internal

cavity loss coefficient, L is the gain length, and R = fRT2_ is the reflectance of the two

facets. For an AlGaInP stripe geometry gain-guided edge-emitting laser emitting at

X0 = 650 nm, with uncoated cleaved facets, R = 0.32 (n -3.6). The gain length is equal to

the device length, and is typically 300 pum to 1000 pm. For growth in the z direction, the

confinement factor r = IxIyIz, where ryand Iz are the transverse (lateral) confinement

factors, and Fx is the longitudinal confinement factor. For a typical AIGaInP broad area
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edge-emitter with a single 10 nm thick Gao.5Inj0.P quantum well, ry - 0.04

[Bour et al. 1993], and Frx = Iz - 1. Ignoring cavity loss and using Eq. (2.2) with

L = 500 Am, R = 0.32, and r = 0.04, the gain at threshold is gth - 570 cm-1, and the

modal gain (rgth) required at threshold is -23 cm-1 . This value can be reduced by using a

high reflectance coating on one of the facets. The edge-emitter has several longitudinal

modes, separated by AX = X02/2nL - 0.117 nm [Saleh and Teich 1991]. If the spectral

gain width from the active region is 15 nm, then over 125 longitudinal modes may

oscillate.

An equation similar to Eq. (2.2) for VCSELs is [after Corzine et al. 1989]

r. gth d = oiL + amLm + o.cx(dc - L) + in[l/R] (unitless) (2.3)

with

ai = rza,+ (I- rjc+a. (cm-1) (2.4)

where 0:< r • 2.0 is the relative confinement factor, d is the total thickness of the active

layer(s), L is the physical thickness of the standing wave that overlaps the quantum

well(s), Lm is the penetration length of the mode into the DBR mirrors, am is

scattering/absorption loss within the DBRs, aa is the free carrier loss within the quantum

wells, ap is the free carrier loss within the passive layers, and ascat is scattering loss

throughout the cavity due to sidewall roughness. The term aoc(doc-L) accounts for the

passive absorptive losses in an extended optical cavity (i.e. when the optical cavity

thickness doc > )/2). For VCSELs with diameters > 5 Am and growth direction along the
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z-axis, Fx = Fy - 1 (transverse confinement). The longitudinal confinement factor Fz is

given by [Corzine et al. 19891

=z L (unitless) (2.5)

E 2(z)dz

where the relative confinement factor is defined from

z AL Fr (unitless) (2.6)

The longitudinal confinement factor is illustrated in Fig. 2.2. For a single d = 10 nm thick

Gao.4Ino.52P quantum well visible VCSEL structure designed for Xo - 650 nm,

Fz = 0.2145 and L = 90 nm (found numerically, see Appendix C), thus Fr = 1.93. Using

these values with gth - 570 cm-1 in Eq. (2.3) and ignoring loss, a value of R = 0.9989 is

required to balance the equation. For the VCSEL, R = MRtop Rbottom.- Since emission is

desired out the top DBR, the reflectance of the bottom DBR is made Rbou-m = 0.9999

(-1.0). Thus, the reflectance of the top DBR must be Rtop = 0.9979 to reach threshold

with the given gth. The modal gain (Fzgth) required to reach threshold in this example

calculation is -122 cm-1.

The separation of Fabry-Perot modes in the VCSEL is given approximately by the

effective free spectral range (FSR) [Jewell et al. 1988, Yeh 1988, Kishino et al. 1991]

FSR = 2 (nm) (2.7)2 ncaL~f
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where ncav is the average refractive index of the optical cavity, and

4ff = 4 + tpom + dcr ( nm) (2.8)

is the effective cavity length. The effective cavity length is determined by the penetration

depths of the standing wave into the two DBRs [Babic and Corzine 19911, and the optical

cavity thickness doc as given in Eq. (2.1). The penetration depth at normal incidence is

found from [Jewell et at. 1988]

A! d- - (nm) (2.9)
1P 4ncv dx o

where dl/d)o is the slope of the DBR reflectivity phase at Xo. As shown in Fig. 2.1, this

slope is -linear at and around Xo. For the example VCSEL structure with doc = 2X

(-406 nm) and 1ptop = I Pbo. - 561 nm (dqp/d• 0 = 0.0534 radian/nm), then

Leff - 1.53 Ipm. Then by using Eq. (2.7) with Xo = 650 nm and ncav = 3.2, the free

spectral range FSR - 43 rnm. With a quantum well spectral gain width of 15 nm, only one

longitudinal mode may oscillate.

2.3 AIGaInP Optical Cavity Active Regions

Optical cavity active regions consist of gain layers, such as quantum wells,

surrounded by cladding (larger energy bandgap) spacer layers. The total optical thickness

of the layers is designed to be a multiple of a half wavelength ,o/2 , where X, is the

wavelength on resonance (i.e. the design wavelength). Thus
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Snt di= , u = 1, 2,3,... (nm) (2.10)
2

where nt is the (real) index of refraction of layer I at X0, di is the physical thickness of

layer t, u is an integer, and N is the number of layers. Except for the quantum wells, the

layers are non or nearly nonabsorbing at I*, by design. For this reason, Eq. (2.10) is

useful for estimating the physical thickness required of layers in an optical cavity active

region. A full accounting of absorption and other loss mechanisms, for example via the

complex indices of refraction (N) for the absorptive layers, is best accomplished by

numerical computation (see Appendix C).

The advantages of using strained quantum wells are well known [Yablonovitch and

Kane 1986, 1988, Zory 1993, Bour 1993b]. In strained quantum wells, the heavy- and

light-hole valence band degeneracy is lifted at k = 0 (the r point in reciprocal space). For

Gal.xInxP quantum wells in biaxial compression (i.e. 0.5 < x < 1.0), the energy bandgap

increases due to the strain, but it also decreases due to the change in ternary composition,

as compared to Gao.51n0.5P lattice matched material. The net result is a decrease in the

energy bandgap. With compressive or no strain, the upper valence band is the heavy-hole

band, with a heavy effective mass in the direction perpendicular to the plane of the

interfaces (used to calculate the energies of the quantized states), and a lighter effective

mass in the direction parallel to the growth interfaces (used to calculate the density of

states) [Coleman 19931. It is the lighter (parallel or in-plane) effective mass that affects

optical gain and thus threshold current density. The smaller effective mass results in a

smaller density of states (DOS) and thus a smaller transparency carrier density. Also, the

peak optical gain is reached at a lower injected carrier density [Lau 1993].

Figure 2.3 is a plot of the calculated peak emission wavelength versus quantum well

thickness for single Gao.51n0.5P (-unstrained) and Gao.44Ino.56P (-0.56% compressive
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strain) quantum wells surrounded by (Alo.4Ga0.6)o05Ino.5P barrier layers. (The data values

used for the calculation are given in Appendix A, where AEc = 0.6AEg). The emission for

the unstrained well approaches -650 nm as the well thickness approaches infinity (bulk

value). This plot demonstrates that the -630 to 680 nm wavelength emission range is

readily achieved with 6 to 10 nm thick wells by varying the amount of compressive

strain.

Figure 2.4 is room temperature photoluminescence (PL) data from three different

strained quantum well optical cavity active regions. In each case, three -10 nm thick

quantum wells are separated by -10 nm thick (A1O.4GaO.6)0.5In.5P barrier layers, and

surrounded by (AlyGaO0.y)0.5InO0sP with y - 0.4, stepped to y = 0.7 in 20 nm thick

Ay = 0.1 incremental steps. The triple Galt-xlnxP quantum well compositions are x - 0.56,

0.54, and 0.52 with peak PL emission at 675, 664, and 653 nm, respectively. These

structures were grown on (100) GaAs substrates, misoriented 60 toward the nearest

<111 >A, at -775 OC (see Appendix A and B).

The strained quantum wells described above must be below a certain critical

thickness. This insures that the strain is accommodated by elastic deformation, rather than

by the formation of misfit dislocations which degrade optical efficiency. Figure 2.5

shows the calculated critical layer thickness for a single Gal.xlnxP (0.50 < x < 0.58)

epitaxial layer grown on a GaAs substrate, as a function of composition [Ozasa et al.

1990]. This plot shows the results from the Matthews & Blakeslee (force-balancing)

model for a single strained epitaxial layer grown on an infinite substrate, and for a single

quantum well layer surrounded by infinite and semi-infinite lattice-matched layers. Also

shown is the result from the People & Bean (energy-balancing) model. This data

represents a first-order design criterion. For multiple strained quantum well (MQW)

active regions an effective strain can be used, as outlined by Vawter and Myers [1989].
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2.4 Distributed Bragg Reflectors

Distributed Bragg reflectors (DBRs) are periodic layered structures consisting of

alternating quarter wave WJ4) layers of low (L) and high (H), usually non or nearly

nonabsorbing, refractive index material [Yeh 1988, MacLeod 1989]. The physical

thickness (dj) of a A/4 layer I is given by

de (nm) (2.11)
4 n"

where nj is the real refractive index of layer 1. The optical thickness of layer I is dini.

Since nt is a function of wavelength, the layer I is a quarter-wave thick only at X The

DBR structures exhibit resonance reflection of electromagnetic waves, in a manner

similar to the diffraction of x-rays by crystal planes, hence the name. While thin metallic

layers can also act as moderate to high reflectors, the metals absorb a significant portion

of the incident fight and are thus too lossy for most VCSEL applications. Dielectric DBRs

have been used as multilayer optical interference filters for many years. The first

semiconductor DBR, composed of GaAs and AIO.3GaO.TAs X/4 layers, was grown by

molecular beam epitaxy [van der Ziel 1975, 1976]. Since this early demonstration, many

groups have reported III-V compound semiconductor and dielectric DBRs for photonic

device applications [Gourley et al. 1986a, 1986b, Thornton et al. 1984, Tai et al. 1990,

Choa et al. 1991, and many others].

Shown in Fig. 2.6 is a schematic of an all semiconductor DBR high reflector. An

incident ray and some of the resulting multiple reflections are traced through part of the

structure. At each interface within the structure the same fraction of light intensity is

reflected. Light reflected in an H layer undergoes a 0 radian phase shift, whereas light

reflected in an L layer undergoes a x radian phase shift. At the Bragg design wavelength,
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Fig. 2.6 Schematic diagram of a quarter-wave distributed Bragg reflector. An
incident wave is shown propagating through the stack, along with some of the
primary and higher order reflected waves. High reflectivity is obtained if the
resultant reflections are in phase.
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the components of light resulting from the multiple reflections recombine constructively

(in phase) at the front surface. The sum of the reflected wave magnitudes increases

toward the value of the incident wave magnitude as the number of quarter wave layers

increases. The reflectance (R) at Xo for the structure in Fig. 2.6, neglecting absorption, at

normal incidence is [Yeh 1988]

R2 1 +(nano)(nI/n2) 2N•j 2  (unitless) (2.12)

where Np is the number of DBR periods, nj (= nH) is the top X/4 layer, and n2 is the

subsequent )L/4 layer (= nL), and this HL sequence repeats Np times. A DBR period is

defined as one pair of LH (or HL) X/4 layers. Equation (2.12) indicates that the

reflectance increases as both the ratio n1/n2 and number of periods Np increases, and is

equally valid if the L and H layers are switched. If an extra half DBR period is added to

the stack, such that the sequence becomes LHLH... LHL or HLL.. . HLH, then the

reflectance is [Born and Wolfe 19751

1= I + (ni/no) (nI/n) ni/n2) 21.4] (unitless) (2.13)R2Ns+ 11+(nI/no) (n I/ns)(nl/nA2)2•

where as before, ni is the uppermost V/4 layer. Note that the number of DBR periods in

Eq. (2.13) for a given Np is actually Np + 0.5.

For common VCSEL diodes, current injection is through doped DBR material layers.

The conduction and/or valence energy band offsets at each interface, if too large,

significantly add to device series resistance. Various interface grading schemes have been

effectively employed to reduce this resistance [Tai et al. 1990, Chalmers et al. 1993].

Although the DBR reflectance decreases when part of each X/4 layer is compositionally
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varied, adding additional DBR periods can make up the difference. This aspect of DBR

design for VCSELs is discussed in more detail in Section 2.6. For VCSELs, the DBR

optical parameters of most interest are the reflectance bandwidth, the reflectivity phase

dispersion, the phase penetration length, the losses (absorptive, scatter), and the number

of periods required to reach a certain reflectance at XO

2.4.1 Reflectance Measurement Set-Up

A schematic of the set-up for reflectance measurements of epitaxial DBR and VCSEL

structures is shown in Fig. 2.7. A broad band white light source is focused onto the

material surface at a zero angle of incidence. The reflected light returns through the

focusing lens and is directed into an optical multi-channel spectrum analyzer (i.e. a

grating spectrometer with a charge-coupled device detector array). The lens

magnification is typically lOx or 5x with a numerical aperture (NA) of 0.21 or 0.18,

respectively. Thus, the lens accepts reflected light within a 24 0 cone, and some minor

smearing of the reflectance spectrum is expected. The measured reflectance is normalized

to a dielectric mirror standard (>99.9% reflectance at visible wavelengths) to correct for

the system response. The resultant reflectance spectrum is semi-quantitative since relative

rather than exact values for the reflectance are measured. However, this measurement set-

up provides a fast method to characterize DBR and VCSEL structures, returning the

essential spectral features such as the Fabry-Perot resonance dip position (discussed

below) relative to the mirror center, and the reflectance bandwidth. The system is also

used as a probe station to measure the electroluminescence spectra of fabricated devices.

2.4.2 AIGaAs DBRs for Visible Photonics

The refractive index of AlxGal.xAs increases with decreasing wavelength, and with

decreasing AlAs mole fraction. Thus, the higher the energy bandgap, the lower the
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refractive index. To minimize the absorptive losses in A1xGaI.XAs DBRs at wavelengths

< 700 nm, the AlAs mole fraction x in the high index AlxGal.xAs 1/4 layer is chosen to

be Ž 0.4. The low index X/4 layer is usually AlAs to maximize the differential refractive

index An = nH - nL, since the reflectance bandwidth (AXIlw) increases as An increases.

Figure 2.8 is the calculated reflectance spectra of an Alo.5GaO.sAs/AIAs DBR high

reflector with X.o = 680 nm, for 5 to 30 periods in 5 period increments. The high

reflectance zone is limited in extent. As DBR periods are added, the reflectivity increases,

and the number of oscillations outside the reflectance bandwidth increases. With 15 or

more periods, AXBW remains essentially constant. The value of AX3 w (-50 nm in

Fig. 2.8) can be estimated by [MacLeod 1989]

4?¶W = K- sin-I( n----ni, (unitless) (2.14)x. 4 (nH + riL)

Figure 2.9 is a plot of the calculated reflectance of AIO.5GaO.5As/AIAs DBR

structures (with Xo = 660 nm) as a function of the number of periods for two similar

structures (a) and (b). The incident material is AIO.51n0.5P, which is typically the optical

cavity material adjacent to the DBRs in visible VCSELs. The plotted reflectance is that as

seen from the optical cavity looking out. Structure (a) can be described by Eq. (2.12),

while structure (b) can be described by Eq. (2.13). Over 40 DBR periods are needed to

reach R = 0.9999 with structure (a), while 29.5 DBR periods are needed to reach

R = 0.999 with structure (b).

The measured (solid curve) and calculated (dashed curve) reflectance (at normal

incidence) of a 20 period AlGaAs DBR grown by MOVPE is shown in Fig. 2.10(a), and

the calculated reflectivity phase is shown in Fig. 2.10(b). A growth list for the DBR

structure is given in Table 2.1. The reflectance is measured as described in Fig. 2.7. The
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high index 1/4 layer is a composite, composed of AIo.sGaO.5As layers surrounded by

5 nm thick AIO.75GaO.25As layers. The low index X,/4 layer is also a composite,

composed of AlAs layers surrounded by 5 nm thick A10.75Ga0.25As layers. Thus the

10 nm thick AIO.75GaO.25As barrier reduction interface layers are effectively divided in

half, and are part of both the low and high index V/4 layers. The thickness requirement for

a X/4 layer is given by Eq. (2.11). For a composite A/4 layer composed of N layers, the

sum of the optical thicknesses of the individual layers must total a quarter wave, such that

n~it =4 (nm) (2.15)
1=1

Table 2.1 MOVPE Growth List for AIGaAs DBR Sample XCIO19C

Thickness (A) Material Refrctive Index at AO

100.0 GaAs 3.83 - i0.194
304.2 AlO.5Ga0.5As 3.541
100.0 AlO.75GaO. 20AS 3.299

(repea)
416.3 AlAs 3.111
100.0 AIO.75Gao82 As 3.299
365.7 Al0oGao.As 3.541
100.0 AI0.o7Ga0jSAs 3.299

x19

416.3 AlAs 3.111
50.0 AC.75Ga0.25As 3.299
substrate (n+) GaAs (100) 60 3.83 - iO.194

Bragg wavelength Ao = 650 nm
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For the structure in Table 2.1, the AI0.75Ga0.25As layers are chosen to be 10 nm thick.

Thus, the thickness of the high index AIO5GaO.5As layer dH - 365.7 A, where

6500/4 - 50(3.299) + 50(3.299) = dH(3.541). Note that the last 7,/4 composite layer

includes a 10 mu thick GaAs capping layer. This layer is highly absorbing at 650 mu

(ot = 37.5 x 103 cm-1, and thus the 10 mu thick layer absorbs -3.7% of the propagating

energy), but is used to reduce the contact resistance in VCSEL diodes. The reflectance

bandwidth of the measured curve in Fig. 2.10(a) is slightly smaller than the calculated

bandwidth, suggesting that the composition of the high index AlxGal.xAs layer might be

slightly off with 0.5 > x > 0.6.

2.4.3 AIGaInP DBRs for Visible Photonics

The refractive index dispersion for (AlyGai.y)0.sInO.5P alloys lattice-matched to

GaAs is shown in Appendix A, Fig. A.2. The construction of AlGalnP "all-phosphide"

DBRs is analogous to the construction of AlGaAs DBRs. The low index layer is typically

Al0.5In05.P, while the high index material for X > 620 nm is (AiO.2GaO.8)0.51nO.5P. This

insures that the DaOR is nonabsorbing within the quantum well optical gain spectrum

(except possibly at the short wavelength tail). Figure 2.11 is a 3-D plot of the calculated

reflectance spectra of an AlO.2GaO.8)0.5InO. 5P/AIo.5 Ino05P DBR high reflector with

S= 660 nm, for 0 to 30 DBR periods in 2 period increments. As in Fig. 2.8, the high

reflectance zone is limited in extent, with oscillations outside the reflectance bandwidth

that increase in number, over a given wavelength range, as the number of DBR periods

increases.

The actual reflectance at a given wavelength as a function of layer thickness does not

follow Fig. 2.11 as plotted, if small incremental amounts of material are added to the

structure such as during epitaxial growth. This is because Fig. 2.11 represents the

reflectance only for discrete numbers of DBR periods. To illustrate this point, the
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calculated reflectance at 660 nm and normal incidence for the DBR in Fig. 2.11, starting

with 30 periods, as a function of etch depth from the surface is shown in Fig. 2.12. The

reflectance oscillates as incremental bits of material are removed. The oscillation maxima

occur as in Fig. 2.11, when an even number of DBR periods are present, whereas the

minima occur when an extra half DBR period (a low index layer in this case) is present at

the surface. The oscillation maxima and minima can be calculated with Eqs (2.12) and

(2.13), respectively. This behavior is very useful for the accurate plasma etching of DBRs

[Vawter et al. 1993]. Moreover, in situ reflectance monitoring systems are commonly

used with dielectric thin-film deposition systems, for example to accurately deposit a high

reflector coating composed of ),/4 layers.

Unlike AlGaAs DBRs which are limited to -600 nm or longer wavelengths (using for

example an AIAs/AIO.7GaO.3As DBR), all-phosphide DBRs with y = 0.2,0.35 and 0.6 for

the high index layer can be made for XG = 660, 615 and 565 nm, respectively [Schneider

and Lott 1993]. This is demonstrated in Fig. 2.13, which shows measured reflectance

spectra. Also shown is the calculated reflectance (for the given number of DBR periods)

and reflector color at Xo. The reflectance bandwidth decreases for a given DBR as y

increases since the differential refractive index An decreases, consistent with Eq. (2.14).

Also, the number of DBR periods required to reach a given reflectance increases since the

nWnL ratio decreases, consistent with Eq. (2.12).

Figure 2.14 is a plot of the calculated reflectance of (AlO.2GaO.8)0.51nO. 5P/

AI03In0.5P DBR structures (with ). = 660 nm) as a function of the number of periods for

two similar structures (a) and (b). The incident material is taken as Ai0 .51n 0.5P. The

plotted reflectance is that as seen from the optical cavity looking out. Structure (a) can be

described by Eq. (2.12), while structure (b) can be described by Eq. (2.13). Over 60 DBR

periods are needed to reach R = 0.9999 with structure (a), while 44.5 DBR periods are

needed to reach R = 0.999 with structure (b).
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The measured (solid curve) and calculated (dashed curve) reflectance (at normal

incidence) of a 25 period (AlO.2Gao.g)0.SIn0.sP/AIo.5InO.5P DBR with Xo - 660 un grown

by MOVPE on a GaAs substrate is shown in Fig. 2.15(a), and the calculated reflectivity

phase is shown in Fig. 2.15(b). A growth list for the DBR structure is given in Table 2.2.

Table 2.2 MOVPE Growth List for AIGaInP DBR Sample XCO930A

ThickMess (A) Material Refractive Index at ,

(repea)
470.1 (AIO.2GaO.g)O.Sl-O.P 3.510
58.8 (AMo. ul.sP 3.243

x25
subswate (n+) GaAs (100) 60 3.816 - i0.178

Bragg wavelength X0 -- 660 m Relectnc Bandwidth AXBw - 33.2 nm

The measured reflectance accurately fits the calculated reflectance, as in Fig. 2.13. This

helps to verify the accuracy of the refractive index dispersion data. The slight deviations

at the shorter wavelengths are due most likely to DBR absorptance which is not included

in the calculation.

2.4.4 Dielectric DBRs

Many amorphous dielectric materials are transparent (minimally absorbing) to

infrared and visible wavelength light, and typically their refractive indices vary slowly

with wavelength. Examples and their approximate refractive indices (n) at 620 to 690 nm



40

1.0-"••,, •
300K Akuln.P/

(AIIG a0 ,)uInP
0.8 25 periods

0 X). -660 nm
z

(0.6-

LL-J0.4-•. ;

LI-
cc

0.2-'

(a) semple XcO93A
0 1 .I , . , . p.620 640 660 680 700 720

WAVELENGTH (nm)

'240...

00220

W 200
(I)

0. 180

I.-
• 160

LI1 140-

LU (b)

620 640 660 680 700 720
WAVELENGTH (nm)

Fig 2.15 (a) Measured (solid line) and calculated (dashed line) reflectance of a 25 period
AI0.5In0.5P/(AI0.2Ga0.8)0.5In0.5P DBR on a GaAs substrate, and (b) calculated reflectivity
phase.



41

include SiO2 (1.45), TiO2 (2.40), ZrO2 (1.95), Nb2O5, (2.30), A1203 (1.63), CaF2 (1.35),

ZnSe (2.54). Part or all of VCSEL DBRs may be replaced by dielectric 1/4 layers as

previously demonstrated [Koyama et al. 1989, Lei et al. 1991, Scherer et al. 1992, Baba

et al. 1993]. This is done to reduce the device series resistance and absorptive losses, and

to reduce heating. In long wavelength (1.3 ;Lm) VCSELs composed of GaInPAs/InP

DBRs, the differential index is small and many thick semiconductor DBR periods would

be required. As shown in Table 2.3, very few dielectric DBR periods are needed to reach

R > 0.99 over the visible wavelength range.

Table 2.3 Reflectance Comparison for Selected Quarter Wave Stacks. The incident
medium is AIO.5InO.sP (n = 3.256), the substrate is air (n = 1.0), and A0 = 650 nrm.

Number SiO2/Nb205 CaF2fZnSe AIAs/A.5Ga0.5As AI0.5In0.P/(MA0.2Ga0.8)InP
of DBRs (n = 1.45/2.30) (n = 1.35/2.54) (n = 3.111/3.541) (n = 3.256/3.530)

0 0.29128 0.29128 0.29128 0.29128

1 0.62031 0.71276 0.39065 0.35338

2 0.82776 0.90897 0.48668 0.41500

3 0.92766 0.97340 0.57497 0.47478

4 0.97060 0.99241 0.65-106 0.53167

5 0.98821 0.99785 0.72009 0.58495

6 0.99530 0.99939 0.77628 0.63416

7 0.99813 0.99983 0.82253 0.67907

8 0.99926 0.99995 0.86006 0.71964

9 0.99970 0.99999 0.89017 0.75598

10 0.99988 1.00000 0.91412 0.78829
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Figure 2.16 shows the calculated transmittance (T + R = 1) and reflectivity phase of

example dielectric Fabry-Perot etalon structures (discussed in Section 2.5). Since the

differential refractive indices are large, the bandwidth is also large. Note that the

transmission resonances at X0 = 650 nm occur at the energy center of the transmittance

(or reflectance) bandwidth, rather than at the wavelength center of the bandwidth. The

phase penetration lengths for the structure in Fig. 2.16(a) are -190 nm.

2.5 Multilayer Fabry-Perot Etalons

All-dielectric multilayer Fabry-Perot etalons (FPE) consist of an optical cavity

surrounded by DBRs. These structures are commonly used as interferometers for the

precise measurement of spectral linewidths. One variation of the multilayer FPE that

closely resembles typical VCSEL structures is the multilayer Gires-Tournois

interferometer. This structure is an asymmetric FPE, such wat the reflectance of one DBR

mirror is - 1.0 (100%) within the wavelengths of interest, while the other (coupling) DBR

is partially reflecting. A schematic diagram of an example all-semiconductor FPE is

shown in Fig. 2.17. This structure has a H index optical cavity, although a L index optical

cavity is also possible (surrounded by H 1/4 layers). In VCSELs, the average index of the

optical cavity is usually H- (n- < nH- < nH), as compared to the L and H index X/4 layers.

In Section 2.1, equations (2.7) to (2.9) contained some of the parameters that describe

Fabry-Perot resonant cavities such as the free spectral range (FSR), the DBR phase

penetration lengths (1p), and the effective cavity length (Leff). Other important parameters

include the cavity quality factor (Q), the cavity finesse (F), and the (transmission)

linewidth (A).LI/). The Q is the number of cycles (radian) for the optical field energy in

the cavity to decay by a factor of l/e, and is given by
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Q = A--- Jr (unitless) (2.16)

The cavity finesse (T) is defined as the ratio of the FSR to the linewidth (tl.in), and is

given by

= R= x (RI R2)I4 (unitless) (2.17)
AXI I - (RI R2)1'2

where R I and R2 are the reflectances of the top and bottom DBR as seen from within the

optical cavity looking out. The finesse is a measure of the resolving power of the etalon.

Finally, the AX112 is given by

AXl - -_ . (unitless) (2.18)
A, Q 2 Leff rcav F

More precisely, the linewidth parameter is the full width at half maximum linewidth

(AX•1 2) of light that is transmitted out of a FPE. For VCSELs, this parameter is the

expected emission linewidth.

It is shown elsewhere [Yeh 1988, MacLi. 1 19891 that when "spacer" layers of

thickness doc = uA/2n, u = 1, 2, 3.... (see Eq. (2.10)) are placed within a stack of)A4

layers, they act as absentee layers at A0. This means that the reflectance of the multilayer

stack will not change if the spacer layer is removed and the surrounding layers are butted

together. When this is done in Fig. 2.17, the two L index X/4 layers surrounding the

optical cavity spacer layer, subsequently form another absentee spacer layer that is V2

thick. This layer can be removed, and its surrounding H index A/4 layers form another

absentee layer, and so on. This layer elimination process continues in Fig. 2.17 until the
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top DBR is removed. The resulting structure consists of a portion of the bottom DBR

with a L index layer upper most next to the incident medium, which is almost always air

with n = 1.0. The reflectance of the resulting structure at A. can be calculated by using

Eq. (2.13). The reflectance spectrum, as measured on the top surface at normal incidence,

is similar to the reflectance of a typical DBR except that a Fabry-Perot resonance "dip"

occurs at X with a linewidth equal to AXjf2. As shown below, secondary Fabry-Perot

resonances can also occur, with a separation equal to the FSR.

As an example FPE structure, consider the all-phosphide DBR structure given in

Table 2.2 with X = 660 nm, but with 30.5 DBR periods on the bottom and 20 DBR

periods on the top, surrounding a Wt2-thick (dec = 99.099 nm) optical cavity composed of

(Alo.7GaO.3 )05lno.5 P (n = 3.33 at X0 = 660 nm). The calculated reflectances and phase

penetration lengths for the bottom and top DBRs (as seen from within the optical cavity

looking outward) are Rb = 0.97181 and 1pb = 818.26 nm, and Rt = 0.95062 and

IF = 792.15 nm, respectively. Thus, IF = 79.3, Leff = 1709.5 nm, Q = 1368,

FSR = 38.26 nm, and AXO = 0.483 nm. Also, the reflectance bandwidth AXBW = 33.2 nm.

A plot of the calculated reflectance is shown in Fig. 2.18 (labeled as 0%). From

Eq. (2.13), the reflectance at X0 (the bottom of the Fabry-Perot dip) is - 0.08.

It is informative to consider the variation in reflectance with small variation in layer

thickness. Figure 2.18 shows the reflectance spectra for the example FPE structure above,

with every layer varying by the same percent relative to the layer thickness at

S= 660 nm . A 2% deviation in layer thickness roughly corresponds to a rigid 10 nm

shift in the reflectance spectrum. The shape of the reflectance remains very nearly

identical, despite the thickness variation. However, the optical thickness of a DBR period

(Xo/2 = dHnH + dLnL-= XW4 + X/4) does not change by the same percentage as the layer

thicknesses dH and dL. For example, given X0 = 660 nm, then nH = 3.5 10 and nL = 3.243,

and thus dH = 47.01 nm and dL = 50.88 nm are uniquely determined. For a +6%
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Fig. 2.18 Calculated reflectance spectra for an example Fabry-Perot etalon, with uniform
thickness variation in each layer. All layers are referenced to their values at Xo = 660 nm.
The top and bottom DBRs are 20 and 30.5 periods of AIO.5Ino.5P/(AIO.2Gao.8)0.5InO.5P,
respectively. The A/2 thick optical cavity is composed of (Ai0.7Ga0.3)0.5In0.5P.
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change in the layer thicknesses, the new optical thickness of a DBR period is

)`2 = 1.06 [dHnH0•) + dLnLQ, )] * 1.06 .o/2, since nH and nL are functions of

wavelength. Solving this iteratively results in Xo - 690.36 nm, which is a +4.6%

wavelength increase from )Lo = 660 nm. Moreover, the optical thickness of the optical

cavity changes at a slightly different rate as compared to the DBRs. A +6% change in the

optical cavity thickness results in 4 = 690.85 rim. The calculated Fabry-Perot resonance

dip at +6% in Fig. 2.18 occurs at 690.5 nm.

The structures described in this dissertation were grown in an MOVPE system that

uses a horizontal reaction chamber. The 2 inch wafers are rotated during growth to

achieve layer thickness uniformities within ±I1%. Alternately, the wafers are not rotated

during growth to achieve an approximately linear variation in layer thickness (from front

to back) up to several percent, depending on the exact growth conditions. This variation

has proven useful for studies of visible VCSELs and resonant cavity light-emitting diodes

(RCLEDs), as described in Chapters 3, 4 and 5. The thickness variation, however, is more

complex than as given in Fig. 2.18. It is not uniform for layers of different alloy

composition, since the growth rates and constituent incorporation efficiencies are.

different. The degree of nonuniformity is varied most readily by varying the growth

pressure. Thus, the relative thickness variation in an AlAs/AlGaAs DBR is different

compared to an AlGaInP optical cavity active region since these materials are typically

grown at two different pressures (80 and 110 mbar, respectively). This implies that the

Fabry-Perot resonance dip will not stay exactly centered in the DBR reflectance

bandwidth (energy center of the mirror) at all points on the wafer. Furthermore, the ratio

of Ga/In in a Gal.ylnyP quantum well increases from wafer front to back when rotation is

not employed due to a difference in Ga and In incorporation efficiency. Thus, the small

variation in emission wavelength (see Figs 2.3 and 5.5) across the wafer is due primarily

to slight changes in quantum well composition, rather than well thickness.
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Typically, VCSELs are designed to have a short optical cavity thickness (W/2 or IX)

to minimize absorptive losses in the cavity, and to limit the emission to a single

longitudinal mode by using a large FSR. The FSR is decreased by increasing the effective

optical cavity length, as given by Eq. (2.7). As the FSR decreases, secondary Fabry-Perot

modes occur in the reflectance spectra. Each mode represents a 2x phase shift for a wave

during a round trip in the optical cavity (DBR mirror phase upon reflection and cavity

propagation phase). As an example, Fig. 2.19 shows the calculated (normal incidence)

reflectance spectra for an FPE with a 20 and 10 period bottom and top DBR, respectively,

and with different size optical cavities where doc = 2, 8, 14, and 20X. The corresponding

thicknesses of the optical cavities are about 0.4, 1.65, 2.89, and 4.14 pim, respectively.

The DBRs are composed of AlAs/AIo. 5 Ga0 .5As with 10 nm AlO.75 GaO.25As barrier

reduction layers at each interface, with AO = 670 nm. The central part of the optical cavity

is 2X-thick (Al0.7Gao.3)0.5Ino.5P, and this is surrounded by pairs of cladding AIo.51no.sP

spacer layers, with thicknesses 0, 3, 6, or 9X.

The FSR in conventional edge-emitting lasers and in VCSELs is the wavelength

separation of Fabry-Perot lasing modes. The switching from one mode to another in edge

emitters occurs, in part, as a consequence of changes in the peak spectral gain

wavelength, resulting for example from changes in injected carrier density or device

temperature. In quantum well VCSELs however, strong lasing emission is not possible at

every Fabry-Perot mode if multiple modes are present as in Fig. 2.19. For a properly

designed VCSEL, the quantum well gain layers are placed together at a peak of the

standing wave (i. e. electric field intensity) in the optical cavity. An example is shown in

Fig. 2.20(a), which is the calculated electric field intensity on resonance ().o = 670 nm)

for the 20X thick FPE structure in Fig. 2.19(d). Also shown is the real refractive index

profile of the active region. Three 10 nm thick GaO.5ln0.5P quantum wells surrounded by
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Fig. 2.19 Calculated reflectance spectra for example Fabry-Perot etalons with varying
optical cavity thickness. The top and bottom DBRs are 10 and 20 periods of
AIAs/Al0.5Ga0.5As, respectively, with 10 nm thick Al0.75Ga0.2.5As barrier reduction
layers at each interface. The central optical cavity is composed of 2X thick
(Alo.7Gao.3)o.5Ino.5P, surrounded by Alo.51n0.5P phase matching spacer layers, with
thicknesses of 0, 3, 6, or 9X. Ile optical cavity thickness is (a) 2X, (b) 8X, (c) 14X,

and (d) 20X.
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Fig 2.20 Calculated standing wave and refractive index profile for the 20X thick
example Fabry-Perot etalon structure near the center of the optical cavity active region at
(a) 670 nm (the primary mode), and (b) 681 nm (a secondary mode).
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(AIo.4GaO.6 )05Ino5.P barrier layers have been added to the structure, centered in the

optical cavity. The resonance at X = 670 nm corresponds to the primary Fabry-Perot

resonance dip in Fig. 2.19(d). In contrast, Fig. 2.20(b) shows the electric field intensity in

the optical cavity for the secondary resonance with )1 = 681 nm. This resonance is also

seen as a Fabry-Perot dip in Fig. 2.19(d), but the standing wave peak (antinode) is offset

from the quantum wells by a full half wavelength. Rather than a gain enhancement, just

the opposite is true. The spontaneous emission is inhibited since the gain layers fall at a

node of the standing wave.

The same resonant standing waves in Fig. 2.20 are plotted in Fig. 2.21, only this time

at the interface of the optical cavity active region and the bottom DBR stack. For the

primary Fabry-Perot resonance, the standing wave nodes lie in the center of every other

10 nm thick AIO.75GaO.25As barrier reduction layer. This is the effective point of the L to

H index layer transitions, when moving from the optical cavity, through the DBR, toward

the substrate (these points are readily defined for 1/4 stacks without the heterointerface

grading). Similarly, the standing wave nodes lie at the L to H index transitions in the top

DBR stack, when moving out from the optical cavity toward the surface. The reflectivity

phase of the DBR is 0 radians at 10 = 670 nm. In contrast, the standing wave nodes of the

secondary resonance do not line up precisely with the L to H index transitions, and the

intensity peaks are reduced by over 20 times compared to the 670 nm resonance. The

reflectivity phase of the bottom DBR at X0 = 681 nm is -0.61 radian (350), and the

standing wave node eventually aligns to the L to H index at the far end of the DBR.

2.6 Design Considerations for Visible VCSELs

The optical design of visible VCSELs has been described in Sections 2.2 through 2.5.

This Section discusses the design of complete visible VCSEL structures including the

trade-offs between optical and electrical characteristics, and those due to the practical
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Fig 2.21 Calculated standing wave and refractive index profile for the 20X thick
example Fabry-Perot etalon structure near the interface between the optical cavity active
region and the bottom DBR at (a) 670 nrn (the primary mode), and (b) 681 nm
(a secondary mode).
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limitations of the materials and the current epitaxial growth technology. Resistance and

temperature effects in visible VCSELs are examined for the first time. Also, quantum

well gain and cavity losses are explored by using conventional models. The results are

used in Chapters 3 and 5 to help explain the observed characteristics of the optically

pumped and electrically injected visible VCSELs. Finally, this Section concludes with a

comparison of conventional GaInAs/AlGaAs IR VCSELs and AJGaInP visible VCSELs.

2.6.1 DBR Resistance

As mentioned in Section 2.3, the DBRs are doped p and n-type on either side of the

optical cavity. Based on data from IR VCSELs, it is essential that the resistance of the

DBRs be as low as possible since large series resistances lead to excessive device heating

and thus degraded performance [Tai et al. 1990, Yoffe 1991, Chalmers et al. 1993]. The

DBR resistance is minimized by reducing the barriers at each heterointerface. This is

accomplished by compositional grading and by using high doping densities to achieve

high bulk conductivities. Current spreading and injection uniformity improves with

increased doping, especially for top surface emitting devices [Nakwaski et al. 1992].

Unfortunately, increased doping density leads to increased free carrier absorption. This

and other cavity loss mechanisms must then be overcome by increasing the optical gain,

which is in-turn achieved by increasing the injection current density. Also important is

the reduced reflectance at )o of the DBRs when part of each of the L and H A/4 layers are

graded. As shown elsewhere [Born and Wolf 1975], given a pair of L and H index

dielectric materials, the coating with the maximum reflectivity at X0 is obtained with a

)/4 stack configuration, rather than with index grading or chirping schemes. But the

resulting conduction and valence energy band offsets between the X/4 layers act as

barriers to current flow and thus add series resistance. Compositional grading at the

heterointerfaces greatly reduces these barriers. The reflectance lost due to the grading can
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be regained by adding additional DBR pairs. An analytical method to calculate the DBR

reflectance at X0 for various grading schemes has been repord by Corzine et al. [1991].

A first order analysis of the resistance of DBRs composed of AIAs/AIO.5Ga0.,As and

of Al 0 .51nO.5P/(AIO.2Gao.8)0.51n0.5P is now given. Carrier transport across

heterointerfaces has been investigated using both analytical and numerical techniques that

include for example thermionic emission, and quantum mechanical tunneling and

reflection [Wu and Yang 1979, Batey et al. 1985, Horio and Yanai 1990]. Here, carrier

transport in the DBRs is modeled using thermionic emission theory. The current density

is given by [Sze 1981]

J= A'T2exp('kT)[eXP(qT)- 1] (A/cm2) (2.19)

where T is temperature, kB is Boltzmann's constant, q is the electronic charge per

electron, q(B is the energy barrier, and V is the applied voltage. The effective Richardson

constant A* is given by

A* 42x qkm* M! 20mIn (A/cm2 K2) (2.20)

where m*/mo is the relative effective mass. For transport in p-doped layers,

m* = (mih* + mhh*), and in n-doped layers, m* = me*. The term TPB is the energy

difference between the barrier peak and the Fermi level. In bulk layers, the current is

J = oE (A/cm 2) (2.21)
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where the conductivity (o) is related to the resistivity (p) and to the electron and hole

mobilities (gn and ILp) by

=I= q (n + o) (S/cm) (2.22)P

The terms n and p are the densities of free electrons and holes, respectively, and the

electric field E = Volts/length. The resistance of a bulk layer may also be given as

R=pt =P legt (2.23)
A Area

The space-charge neutral, real space energy band diagrams for 2.5 periods of example

AlAs/AlxGal.xAs DBRs are given in Fig. 2.22. The solid line is the conduction band

(Ec), and the dashed line is the valence band (E,). Note that 1800 meV has been removed

between Ec and Ev. The Bragg design wavelength is Xo = 650 nm. Plot (a) is the case for

alternating X/4 layers without any grading at the heterointerface, with dH - 46 nm and

dL - 52 nm. In plots (b) and (c), a 10 nm thick AIO.75Ga0.25 As barrier reduction layer at

the heterointerface is employed, as in Table 2.1. Plot (d) has a 10 nm thick grade at the

heterointerface where the composition of AlxGaj~xAs varies linearly from x = 1.0 to 0.5,

and from 0.5 to 1.0. Plot (e) is similar to plot (d), except that the 10 nm thick grade is a

half sinusoid.

Poisson's equation in one-dimension, is solved numerically for the set of example

DBR heterostructures by using a computer program developed by C. P. Tigges

[19931. The material parameters are those given in Appendix A. The rigid steady-state

solution to Poisson's equation defines the energy band offsets at each heterointerface.

These band offsets are then used with the thermionic emission model to estimate the
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Fig 2.22 Real space energy band diagrams for example A1As/AlxGal-xAs DBRs.
Conduction band (solid line), and valence band (dashed line).
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voltage drop at each heterointerface. Figure 2.23 shows the conduction band and Fermi

level of n-doped structures. The doping density is 2 x 1018 cm"3, except in plot 2.22(c),

where 5 nm thick doping spikes of 1 x 1019 cm-3 have been placed in the AlAs and the

Alo.75Gao.25As. This pulse doping, placed at the nodes of the on-resonance standing

wave, is thought to be useful for current spreading in laterally injected VCSELs [Scott et

al. 1993] with minimal added free carrier absorption. Figure 2.24 shows the valence band

and Fermi level of the corresponding p-doped structures. Since the layers are very nearly

lattice matched, no distinction is made between the light-hole and the heavy hole bands.

The p-doping density is 4 x 1018 cm- 3 in the AlAs layers, 3 x 1018 cm-3 in the

AlxGal.xAs layers (0.5 < x < 1.0), and 2 x 1018 cm-3 in the AlO.5GaO.5As layers, except in

plot 2.23(c) as above, where additional 5 x 1019 cm-3 doping spikes are used.

The bulk resistance of a given DBR structure is calculated with Eq. (2.23) for a given

area by neglecting current spreading. Table 2.4 lists estimated values for the

conductivities. Note that the free carrier densities, taken from the solution to the Poisson

Table 2.4 Estimated Mobility and Conductivity of Selected Epitaxial Layers
Material Dopant Free Carrier Density Mobility Conductivity

(x 1017 cm"3) (cm2/V-s) (S/cm)

(p)AIO0_GaO.5As C p - 4 .0  80 5.1

(n)AIo.5GaO.5As Si n - 7.0 400 44.9

(p)AIAs C p - 4.0 50 3.2

(n)AIAs Si n - 7.0 150 16.8

(p)GaO.51nO5P Mg p - 4.0 50 3.2

(n)Gao.51no.5P Si n - 7.0 700 78.5

(p)AI0.Ino.sP Mg p - 4.0 20 1.3

(n)Alo.5Ino.5P Si n - 7.0 100 11.2
estimated, based on data from [Schneider and Figiei 1993, Bour 1993c]
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Fig 2.23 Conduction band diagrams for example (n)AIAs/(n)AlxGaj-xAs DBRs.
Conduction band (solid line), and Fermi level (dashed line). The doping density is
2 x 1018 cm-3. Calculated data obtained by numerically solving the Il-D Poisson equation.
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Fig 2.24 Valence band diagrams for example (p)AIAs/(p)AlxGaj..xAs DBRs. Valence
(heavy-bole) band (solid line), and Fermi level (dashed line). T'he doping density is
4 x 1018 cm-3 in the AlAs, 3 x 1018 cm-3 in the AlxGai..xAs (0.5 < x < 1.0), and
2 x 1018 cm-3 in the A1O. 5GaO.5As. Calculated data obtained by numerically solving the
I -D Poisson equation.
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equation, are smaller than the doping densities due to partial ionization of the donors and

acceptors. From Eq. (2.23), the bulk vertical resistance of the (n)DBR in Fig. 2.23(a) with

a 20jim diameter circular contact is R - 0.131 1/DBR period, or - 7.2 Q2 for 55 periods.

The bulk vertical resistance of the (p) DBR in Fig. 2.24(a) with a 20 Irm diameter circular

contact is R - 0.80 2/DBR period, or - 29 Q for 36 periods.

The space-charge neutral, real space energy band diagrams for 2.5 periods of example

AI0.5In0.sP/(AIO.2Gao.8)0. 5 Ino.sP DBRs are given in Fig. 2.25. The solid line is the

conduction band (Ec), and the dashed line is the valence band (E,). Note that 2000 meV

has been removed between Ec and Ev. The Bragg design wavelength is X0 = 650 nm.

Plot (a) is the case for alternating A4 layers without any grading at the heterointerface,

with dH - 46 nm and dL - 50 nm. In plot (b), a 10 nm thick (AIO.6GaO.g)0.5InOjP

barrier reduction layer is inserted at the heterointerface. In plot (c), a 10 nm thick

(AIO.35GaO.65 )0. 5InO.sP barrier reduction layer is inserted at the heterointerface. The

single steps in (b) and (c) divide the valence and conduction band offsets in half,

respectively. (The stepping compositions were determined from Fig. A.9 in Appendix A.

The compositions of the (AlyGaj-y)0.5 InO.5P layers that divide the valence and

conduction bands in half, depend on the band offsets that are used, and are thus estimates

in the example calculations). Plot (d) has a 20 nm thick grade at the heterointerface where

the composition of (AlyGal-y)0. 5InO.5P varies linearly from y = 0.55 to 0.2, and from 0.2

to 0.55. (Linear grading from y = 0.2 to y = 1.0 in AlGaInP DBRs has been previously

reported [Schneider et al. 1992]). Plots (e) and (f) are similar to plot (d), except that the

20 nm thick grade is a half sinusoid. The grading range for plot (e) is y = 0.55 to 0.2 and

is designed to result in the lowest possible conduction band barrier. In contrast, the

grading range for plot (f) is y = 1.0 to 0.2 and is designed to result in the lowest possible

valence band barrier.
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Poisson's equation is solved as above. Figure 2.26 shows the conduction band

and Fermi level of n-doped structures. The doping density is 2 x 1018 cm-3 in all layers.

Figure 2.27 shows the valence band and Fermi level of the corresponding p-doped

structures. Since the layers are very nearly lattice matched, no distinction is made

between the light-hole and the heavy hole bands. The p-doping density is 1 x 1018 cm" 3

in the (AlyGal-y)0.5lnO.5P layers when y > 0.7, and 2 x 1018 cm-3 otherwise. The resulting

conductivities, corrected for partial ionization, are given in Table 2.4

Table 2.5 is a summary of the voltage drop analysis for the AlGaAs and AIGaInP

DBR structures. The resistance of the (n)AIGaAs DBR is dominated by the bulk

resistance. For the (p)AIGaAs DBR, the simple step grade greatly reduces the resistance.

The resistance of the (n)AIGaInP DBR is dominated by the bulk resistance, as is the

(p)AIGaInP DBR. The bulk resistance is relatively high because it is difficult to p-dope

the Alo.51n 0.sP above -1 x 1018 cm-3. The resistance could be reduced by increasing the

doping density of the (Al0.2Ga0.8 )0.5Ino.SP layers above 2 x 1018 cm-3 with either Mg or

Zn [Schneider et al. 19921.

2.6.2 Gain, Loss, and Temperature Effects

This Section overviews some key aspects of VCSEL design. The ideal VCSEL

has a very low current and voltage threshold, high efficiency, and high output power. For

the ideal visible VCSEL, the resistance of the DBRs is low, the injection efficiency and

internal quantum efficiency are high, (i.e. the differential gain (dg/dJ) is high), the carrier

leakage current from the quantum wells is low, absorptive losses are small, and the device

temperature stays reasonably constant by extracting heat efficiently. In practical devices,

heating causes shifts (at different rates) of both the Fabry-Perot resonance mode and the

peak of the spectral gain. Optimum pefformane occurs when the mode and gain peak are

aligned. The mode and gain could be made to align at higher currents to maximize the
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Fig 2.27 Valence band diagrams for example (p)AlO.5Ino.5P/(pXAlyGal.. )o.5Ino..sP
DBRs. Valence (heavy-hole) band (solid line), and Fermi level (dashed line). 1'he doping
density is I x 1018 cm-3 in the layers with y 2t 0.7, and 2 x 1018 cm-3 in all other layers.
Calculated data obtained by numerically solving the Il-D Poisson equation.
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Table 2.5 Summary of the DBR Voltage Drop Analysis
U = 2 kA/cm 2 , and T = 300K)

DBR VB Hetmienrface Total
Structure Voltage Drop Voltage Drop

(mev) (v/ DBR period) (mV)

(n)AMxGal.xAs (where me*/mo - 0.8, the bulk voltage drop is -824 p•V/DBR periodJ

(55.5 (n) DBR periods)

a 50.49 42.2 48.1

b 33.81 22.1 47.0

c 33.81/25.97 22.1/16.3 46.8

d 18.17 12.1 46.4

e 16.12 11.2 46.4

(p)AlxGal.xAs (where mh*/no - 0.52 and the bulk voltage drop is -1.81 mV/DBR period)

(36 (p) DBR periods)

a 201.67 16,172 647.4

b 118.25 877.1 96.7

c 118.25/70.35 877.1/ 139.5 83.5

d 90.22 300.0 76.0

e 63.92 108.9 69.0

(n)XAlyGai.y)O.51no.5P (where nm*/mo -0.62, and the bulk voltage drop is -1.01 mV/DBR period)

(60.5 (n) DBR periods)

a 98.55 346.9 82.1

b 110.51 548.8 94.3

c 73.82 133.8 69.2

d 62.61 86.8 66.4

e 50.121 53.6 64.4

(pXAlyGai.y)O.5lno.5P (where mh*j/no -0.4 and the bulk voltage drop is -10.6 mV/DBR period)

(45 (p) DBR periods)

a 207.25 22,658 1,497

b 122.90 1,352 537.8

c 181.73 10,869 966.1

d 164.95 6,242 757.9

f 114.90 999.3 522.0
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output power, or to achieve operation over a broad temperature range [Peters et al. 1993,

Young et al. 19931. Alternately, alignment with minimal heating leads to a low threshold

current. The visible VCSELs in this dissertation are prototype devices, and not all of the

above factors were directly investigated. However, the following factors were addressed

for the initial demonstrations.

The available gain from a given quantum well or wells, is primarily an intrinsic

property of the well and barrier material. As discussed in Section 2.3, strained wells are

used to reduce the carrier density required for inversion, increase the differential gain at

low carrier densities, and as a design parameter to select an emission wavelength. A first

order model to calculate the spectral gain from quantum wells is given in Appendix D.

This model is useful for relative comparisons between material systems, and for semi-

quantitative descriptions of band filling, and gain due to contributions from the first

and/or second quantum well states. This is further discussed in Subsection 2.6.3.

As briefly described in Section 2.2, the position of quantum well(s) in an optical

cavity is an important design criterion, and results in either enhanced or inhibited

spontaneous emission. The equivalent phenomena in VCSELs is usually referred to as

resonant periodic gain [Raja et al. 1989, Corzine et al. 1989]. Figure 2.28 shows the

standing wave pattern for an example visible VCSEL structure. The optical cav. y active

region consists of a single 10 nm thick Gao.4 51n0. 55P quantum well, positioned in the

center of the optical cavity, surrounded by 20 nm thick (Al0 .4GaO.6 )0.5 1n0.5P barrier

layers, in-turn surrounded by (AIO.7GaO.3 )0.51n0 .5 P spacer layers. The DBRs are X/4

layers of AlAs and AlO. 5GaO.sAs with 20 periods on the top, and 30.5 periods on the

bottom. In Fig. 2.28(a), the optical cavity is 2X thick, and the first DBR layers are AlAs

with a L indcx. The quantum well is positioned at the standing wave antinode for

maximum gain. Note that the nodes of the standing wave lie at the L to H index

transitions in the DBRs, when moving away from the optical cavity in either direction. In
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Fig 2.28 Calculated electric field intensity (standing wave) for three example visible
VCSELs. The AIGalnP optical cavity active region is surrounded by AlAs/Al0.jGa0.As
DBRs. The thickness of the optical cavity is (a) 2•., (b) I .5k., and (c) 1 .5),.. For VCSEL
design, a standing wave antinode should peak at the quantum well(s) gain l•,ers, as in (a)
and (c).
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Fig. 2.28(b), the thickness of the optical cavity is decreased to 1.5X (by thinning the

(AlO.7GaO.3)0.51nO. 5 P) and the quantum well now falls at a standing wave node, while the

standing wave in the DBRs is unchanged. This configuration is undesirable since the

optical gain is inhibited. The quantum well could be moved V4 in either direction so that

it again lies at an antinode. However, for the epitaxial layer growth, the results are more

consistent if the quantum well(s) is placed at the center of the optical cavity. In

Fig. 2.28(c), the first set of L A/4 layers are removed while retaining the 1.5k thick optical

cavity, and the quantum well again lies at a standing wave antinode. Thus, some

flexibility exists in the choice between de and the relative index of the first DBR layers.

The relevant equations describing gain and loss in VCSELs (repeated here for

convenience, see Eqs (2.3) to (2.6)), are

Ir gt d = aiL + XmLm + aro,(do - L) + In[l/R] (unitless) (2.24)

with ai given by

ai =r(- r + (z)I- ,,p+a. (cm-1) (2.25)

It is important to consider the relative magnitudes of the loss terms in the above

equations. The scattering loss (ascam) due to sidewall roughness is not important for ion

implanted devices or for devices with diameters of 5 A±m or larger. The interface

scattering loss contained within am is also very small due to the high precision of the

epitaxial growth process and can be neglected [Gourley et al. 19911. Absorptive losses

within the layers are minimized by using above energy bandgap materials in all layers,

except the quantum wells. This leaves free carrier absorptive losses, which are contained

within the terms aa, otoc, and am. For GaAs at 300K and for energies near the bandgap,
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the free carrier absorption loss coefficient is afc - 3 x 10- 18n + 7 x 10-1 8 p (cm- 1)

[Casey and Panish 19781. A similar relationship is plausible for the AIGaInP and AIGaAs

materials used in visible VCSELs. With typical carrier densities of -1 to 7 x 1018 cm-3,

afc - 10 to 70 cm-1. Consider an example visible VCSEL with three 6 nm thick quantum

wells such that rz = 0.347, Fr- 1.779, L = 92 nm, Lm = 900 nm, d = 18 nm,

ap = a 0oc = 20 cm"1, aa = am - 50 cm" 1, and let R = 0.99925. From Eq. (2.24),

gth = 1891 cm"1 with the given free carrier losses, and gth = 234 cm"1 without the given

free carrier losses. Minimizing the free carrier losses is accomplished primarily by

reducing the doping in the DBRs. This, however, increases the series resistance and leads

to device heating and reduced optical gain. The free carrier absorption is higher for

p-doped material. Additionally, the resistance of p-doped DBRs is higher than the

equivalent n-doped DBRs. An interesting alternative design for VCSELs is to replace all

or part of the (p)DBR with a dielectric stack as described in Subsection 2.4.4.

Now consider the number and thickness of the quantum wells, and the thickness

of the layers that separate them. Increasing the number of wells increases the available

gain and thus higher output powers are possible, but at the expense of increased threshold

current density (for a given R). The desired emission wavelength puts limits on the

thickness and composition (i.e. percent strain) of the quantum wells. The idea is to

maximize the available gain per unit length, for the total length of quantum wells used.

Table 2.6 is a summary of gain calculations for visible VCSELs emitting at X0 = 650 nm.

The thickness of the quantum wells and separation layers are varied, as is the number of

wells centered in the optical cavity. A comparison can be made for the structures that

have the same total gain length d. For example, five 6 nm wells and three 10 nm wells

both give d = 30 nm. The value of gth is 168.8 cm- 1 for the five 6 nm wells with 6 nm

separation layers, and is 155.9 cm-1 and 175.3 cm- 1 for the 10 nm wells with 6 nm
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and 10 nm separation layers, respectively. The lowest gn1 indicates the best design choice,

assuming uniform gain in each well.

Table 2.6 Summary of Example Gain Calculations. The quantum wells are Gal.xlnxP,
and the barrier separation layers are (AlO.4GaO.6)0.51n0.5P. The Bragg design wavelength
is ko = 650 nm (obtained by varying the amount of strain for a given quantum well
thickness). The threshold gain is calculated with R = 0.99925, and the absorptive losses
are neglected for the calculation of gth.
Number QW/Barri• th Total Gain Longitudinal Relative
of QWs Thickness thickness d Confinement Factor Confmement Factor

(nm/nm) (cm-1) (nm) rz rr

1 6 626.9 6 0.129 1.995

2 6/6 324.3 12 0.247 1.928

3 6/6 234.3 18 0.347 1.779

4 6/6 191.0 24 0.422 1.637

5 6/6 168.8 30 0.473 1.482

1 8 487.6 8 0.171 1.923

2 8/6 249.0 16 0.324 1.883

3 8/6 179.5 24 0.446 1.741

4 8/6 159.5 32 0.523 1.470

5 8/6 147.2 40 0.562 1.274

1 10 391.2 10 0.213 1.918

2 10/6 203.3 20 0.398 1.845

3 10/6 155.9 30 0.529 1.604

4 10/6 136.2 40 0.603 1.377

5 10/6 130.6 50 0.626 1.149

1 10 391.2 10 0.213 1.918

2 10/10 217.5 20 0.383 1.725

3 10/10 175.3 30 0.476 1A27

4 10/10 166.2 40 0.502 1.129
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As described previously, the temperature of the VCSEL increases during

operation. The rise in temperature causes a decrease in the material refractive indices

and thus the DBR reflectance shifts to longer wavelengths [Dudley et al. 1992]. The

increased temperature also reduces the bandgap of the active region gain layers causing

a red shift in the spectral gain. The gain shifts long at a faster rate than does the

DBR. Figure 2.29 shows the temperature characteristics of two example FPE structures.

Both FPEs have a 2X thick AlGaInP quantum well optical cavity active region. The

hybrid structure is then surrounded by V/4 Al 0.51n0.5P layers, followed by AIGaAs DBRs

as in Table 2.1 with 50 bottom and 5.5 top periods. The all-phosphide structure has DBRs

as in Table 2.2, with 60.5 bottom and 5 top periods. The reflectance spectra of the FPEs

are monitored at three points as a function of temperature, including the two side

reflectance minima, and the Fabry-Perot resonance. The rate of change of the three

reflectance points is summarized in Table 2.7. The shiifts are due primarily to the

changing refractive indices of the DBRs with temperature. The hybrid structure shifts at a

faster rate than does the all-phosphide structure, and this indicates that the refractive

indices of AIGaAs decrease faster with increasing temperature than do those of AIGaInP.

Figure 2.30 is a plot of the Fabry-Perot resonance and spectral gain peak as

functions of temperature for an example hybrid visible VCSEL structure. The spectral

gain peak overlaps with the Fabry-Perot resonance at only one temperature (325K). The

inset in Fig. 2.30 shows an example reflectance and optical gain spectra. With increasing

temperature due to increasing current, the gain peak shifts through and past the Fabry-

Perot resonance. As a result, the light intensity-current (L-I) characteristic of VCSELs

typically rises sharply and then rolls over as described in [Hasnain et al. 1991]. By

varying the initial alignment of the Fabry-Perot resonance and the optical gain peak, it is

possible to maximize the coupling of the gain to the mode at different device operating

temperatures.
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Fig 2.29 Reflectance of hybrid AlGaAs/AlGaInP and all-AlGaInP Fabry-Perot etalons as
a function of temperature. The three lines for each structure correspond to the Fabry-Perot
resonance mode, and the edges of the reflectance bandwidth (see Table 2.7).
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Fig 2.30 Shift in the Fabry-Perot mode and the quantum well spectral gain peak as
functions of temperature for an example visible VCSEL. The mode and gain overlap at
one specific temperature (325K in this case). This fact can be included in the device
design to maximize the output power, or to minimize the threshold current.
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Table 2.7 Experimental Temperature Dependence of Example All Semiconductor
Fabry-Perot Etalons.

Etalon Short Edge Fabry-Perot Resonance Long Edge
Structure (nm/nC) (MM/C (nnPC

Hybrid 0.0569 0.05106 0.04835

AUl-Phosphide 0.04147 0.0388 0.03497

2.6.3 Comparison of Visible and Infrared VCSELs

The charge neutral, real space energy band diagrams for an example infrared (IR)I

(Xo = 980 nm) and visible (Xo = 650 nm) VCSEL are shown in Fig. 2.31. The IR VCSEL

[after Geels et al. 1991] has three 8 nm thick Gao.8lno.2As strained quantum wells

surrounded by GaAs barrier layers, in-turn surrounded by AlO•5GaO.5As layers, forming a

separate confinement heterostructure (SCH). The optical cavity is I1X thick. The DBRs are

X/4 layers of AlAs and GaAs (the heterointerface grading is not included in Fig. 2.31 for

simplicity), with 14 periods on the top, and 18.5 periods on the bottom. The top DBR is

capped with Au, and emission is out the substrate via the bottom DBR. The energy band

offsets are taken from Fig. A.9 in Appendix A for the AIxGal.xAs, and from the model

reported in [Krijn 1991] for the Gao.8lnO.2As/GaAs. The example visible VCSEL has

three 8 nm thick Gao.44Ino.56P strained quantum wells surrounded by (AlyGaj-y)0.5lnO.5P

y = 0.4 barrier layers, stepped from y = 0.4 to 0.7, in 0.1 increments, forming a SCH. For

a GaO.51nO.5P quantum well, the largest conduction band offset is thought to occur with

y = 0.7 barrier layers. However, recent low temperature magneto-luminescence data on

AlGaInP quantum well structures suggests that the value could instead be closer to

y -0.5 to 0.6 [Jones 1993]. Surrounding the central 2X SCH are IX phase matching spacer

layers of AlO.5InO.5P. Thus the total thickness of the optical cavity is 4X. The DBRs are

AIAs/AIO.5GaO.5As on one side, and AlO.5Ino.5P/(Alo.2GaO.8)0.51n0.5P on the other for
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Fig 2.31 Example real space, charge neutral, energy band diagrams comparing a
conventional GaInAs/A1GaAs IR VCSEL to an AIGalnP visible VCSEL.
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comparison. For a conservative design, the actual structures would have 32 and 55.5

AIGaAs DBR periods and 45 and 60.5 AIGaInP DBR periods, on the top and bottom,

respectively. The physical thickness of a DBR period (X/2) for the IR VCSEL is

-152 nm, and for the visible VCSEL the physical thickness is -102 nm (AlGaAs DBR)

or -99.8 nm (AIGaInP DBR).

The energy scales in Fig 2.3 1(a) and (b) are equally stepped, and it is seen that the

quantum well confining potentials between GaO.SInO.2As/GaAs and Gao.4Ino.56P/

(AIO.4GaO.6)0. 5 InO.5 P are roughly equal. However, the overall confinement is much better

in the IR VCSEL due to the Al.sGaO.sAs barriers in the SCH. For the visible VCSEL,

the AIO.51n0.5P spacer layers moderately increase the hole confinement. (The confinement

for both electrons and holes is further improved when the A10. 51n0.5P layers are doped

[Bour 1993a]). The quantum well leakage currents are higher for the visible VCSEL,

most notably at increased temperatures (> 300K). Also, the thermal resistance of

AlGaInP is higher than for AlGaAs, thus heat is not dissipated as well i the visible

VCSELs (especially for an all-phosphide structure), making continuous wave (CW)

operation more difficult. The DBR bandoffsets are larger in the IR VCSEL, especially the

valence band offsets. In fact, graded (p)DBR heterointerfaces are a necessity in the IR

VCSELs to reduce series resistance. The differential refractive indices are higher for the

IR DBRs and thus fewer periods are needed to achieve a given reflectance. Additionally,

the phase penetration lengths are smaller leading to reduced effective cavity lengths, and

smaller passive absorptive losses in the DBRs. For example, to reach R > 0.999, 21 DBR

periods are required for the IR VCSEL, while 30 AlAs/Al0 .5Ga0 .5As, or 47 A10.5 In0.P/

(AIO.2GaO.g)0. 51n0 5.P DBR periods are required for the visible VCSEL. The total DBR

thickness would be roughly equal at -3.19 pim (IR) and -3.06 jim (AlGaAs visible),

or -4.51 gtm (AlGaInP visible). The phase penetration lengths, from Eq. (2.9), are
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-470 nm for the IR VCSEL, while they ame -533 nm (AIGaAs) and -849 nm (AlGaInP)

for the visible VCSEL.

Figure 2.32(a) and (b) shows the electric field intensity on resonance and the real

refractive index profile for the IR and visible VCSELs. For the IR VCSEL, the standing

wave fully overlaps the three iO nm thick quantum wells at an intensity that is 77% of the

peak value at the antinode, with Fz = 0.308 and rr = 1.84. In contrast, the equivalent

visible VCSEL standing wave intensity at full overlap is only 43%, with Fz = 0.476 and

Fr = 1.46. Typically, quantum well gain layers are 6 to 10 nm thick, whether for IR or

visible emission. But since visible wavelengths are roughly 2/3 (i. e. 650/980) or 3/4

(i. e. 650/850) as long as IR wavelengths, the increased rz and reduced Fr (for equal well

thickness) is unavoidable, and the available gain is less efficiently used. It is clear that

shorter wavelength VCSELs should have reduced quantum well and/or barrier layer

thicknesses to optimize the utilization of the available gain. At X0 -600 nm or shorter, it

may become more advantageous to use V/4 bulk (double heterostructure) or short period

superlattice gain layers, rather than the conventional set of quantum wells.

By using Eq.(2.3) with am = 5 cm-1 and neglecting cii, the threshold gain for the

above IR VCSEL is gtj = 635 cm-n, and for the above visible VCSEL gth = 241 cm-1.

The threshold gain is lower for the visible VCSEL due to the large number of DBR

periods (Rvis = 0.99947, whereas RIR = 0.99697). By using 18 periods on the top (plus a

Au cap), and 22.5 periods on the bottom, the gain threshold for the IR VCSEL drops to

221 cm-I (R = 0.99925).

A judicious active region design is required to make the most of the available gain.

Unfortunately, the available gain (g) per unit quantum well length is lower for visible

AIGaInP quantum wells, as compared to IR GaInAs or GaAs quantum wells. In fact, the

gain ratio gIR/gvis -1.3. The calculated gain spectra for single 8 nm thick

GaO.SInO.2As/GaAs and Gao.44Ino..56P/(Alo.4GaO.6)0.5Ino.5P quantum wells are plotted in



79

* . *3.8

C IR VCSEL o =980 nm

w E

a ILw

-3-6
wz
-IU

1 3.6

zw

a

rcc

0- 3.40.40.0.

Viil 50 n

w
w0 3.3

2- W

Uj

(b) .0 0.1 0 0. 0.3 0.4 0.5 o2"9

DISTANCE (gm)

Fig 2.32 Calculated electric field intensity for the example IV and visible VCSELs
shown in Fig. 2.31. (Calculation details are given in Appendix C).
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Fig. 2.33, for the case of TE (transverse electromagnetic) polarized emission (see

Appendix D or [Chinn et al. 1988]). For the AlGalnP calculation, AEc = 0.6AEg. The

parametric variable is the density of carriers in the quantum well. The dashed lines are the

unconvolved gain, while the solid lines are the convolved gain (a Lorentzian convolving

function is used with an intraband scattering time of 0.1 ps). Strain effects are neglected,

except for small changes in the energy bandgaps and the energy band offsets using the

model by Krijn [1991] and the parameters in Appendix A. Strict k-selection rules are

used, only the two lowest heavy hole, light hole, and electron quantized states are

included, and nonradiative recombination and carrier leakage are neglected. It is seen that

the peak gain is higher for the IR structure for a given carrier density. Also, the gain

contributions from the second (n=2) quantized state over take those from the first (n=l)

quantized state at a lower carrier density in the IR structure. The separation between the

n=- and n=2 gain peaks is -80 nm in the IR structure, while it is -25 nm in the visible

structure. This difference is due primarily to the smaller band offsets and the larger

effective masses in the AIGalnP material system.

The difference in the n=1 and n=2 spectral gain peaks is a sensitive function of the

position of the energy of the quantized states relative to the bottom of the conduction and

valence bands. These energies, in-turn, depend on the band offsets and the effective

masses. As mentioned in Appendix A, these material parameters are not firmly

established. Thus, some care must be exercised in interpreting the gain spectrum in

Fig. 2.33(b). For comparison, gain spectra for 8 nm thick Gao.44Ino.56P/

(AIO.4GaO.6)0.5 InO.5P and Gao.44InO.56P/(AI0.7 Gao.3)0.5InO.5P quantum wells are plotted

in Fig. 2.34, where the bandoffsets were determined by using Qc - 0.4 (as given in

[Bour 1993c], see Appendix A), with the gamma point conduction band offset

AEc = Qc(AEg). With the reduced fractional conduction band offset, the separation

between the n=l and n=2 gain peaks is reduced to -15 nm in Fig. 2.34(a).
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Fig 2.33 Calculated gain as a function of carrier density for single 8 nm thick quantum
wells composed of (a) GaO.8In0.2As/GaAs, and (b) Gao.441nO.56P/(AIo.4Gao.6)0. 5Ino.5P.
(The calculation uses the material values given in Appendix A, including AEc = 0.6AEg,
and the gain model in Appendix D). The dashed lines are unconvolved gain, whereas the
solid lines are convolved gain.
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Fig 2.34 Calculated gain as a function of carrier density for single 8 nmn thick quantum
wells composed of (a) Gao.441no.5P/(Alo.4GaO.6)'. 5InO.5P and (b) Gao.nono.56P/
(AIO.7GaO.3)0.51nO. 5P4 For comparison to Fig. 2.33, this calculation uses AEc = O.AEp. As
before, the dashed lines are unconvolved gain, whereas the solid lines are convolved gain.
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2.7 Conclusions

In this Chapter, the design of visible (620 to 690 nm) VCSELs composed of

AlGaInP quantum well optical cavity active regions, surrounded by AIGaAs and/or

AIGaInP DBRs, has been reviewed. Several specific examples were given to illustrate the

key points. While the design of infrared VCSELs has been treated elsewhere, this is the

first comprehensive design review of visible VCSELs.

Compared to conventional IR devices, visible VCSELs are expected to have

lower differential gain and efficiency, and be more sensitive to heating effects. This is

due to several intrinsic factors such as less efficient utilization of gain (reduced overlap

between the standing wave and the gain layers), and reduced carrier confinement.

Because of doping limitations, smaller differential refractive indices, difficulty in

fabrication, and the higher thermal resistivity of AlGaInP DBRs, AIGaAs DBRs are the

better design choice for visible VCSELs emitting at 2 630 nm.

While 3 mW "orange" (615 nm) edge-emitting (CW at room temperature) lasers

have been demonstratedt, reproducing this with VCSELs would be very difficult. In fact,

demonstrating 633 nm (CW at room temperature) with an AlGaInP VCSEL would be a

major accomplishment. Indeed, it would take at least 50 DBR periods (-5 Itm thick) of

either AIAs/AIO. 7GaO. 3As or A0.5Ino.5P/(AIO.3Gao.7)0.5Ino.5P to get an R > 0.999 for the

top output coupler. If unstrained, the quantum wells could be -5.0 nm thick. With

-0.56% compressive strain, the well thickness would be -2.5 nm. A short period strained

layer superlattice active region, appropriately placed within the central standing wave,

would be a promising design choice.

For these reasons, the initial studies of visible VCSEL diodes (Chapter 5)

concentrated on the emission wavelength range of 650 to 680 nm.

t see page 42, Photonics Spectra (September 1992)
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Chapter 3 Optically Pumped Visible Vertical Cavity
Surface Emitting Lasers

3.1 Introduction

The first step in the development of visible vertical cavity surface emitting lasers

(VCSELs) is the demonstration of an optically pumped structure. Optically pumped

structures contain the essential building-blocks of VCSEL diodes, that is, quantum well

optical cavity active regions and distributed Bragg reflectors (DBRs). The layers can be

unintentionally doped, however, since carriers accumulate in the quantum well(s) due to

absorption of the pump energy, rather than by injection. This simplifies the design of both

the optical cavity active region and the DBRs, since carrier injection efficiency and DBR

series resistance are insignificant in this case. Nevertheless, the physical thickness of the

individual layers must sti:2 be precise, within -2% of the design values. Overall, optically

pumped structures serve to prove the feasibility of diodes, and to help characterize some

basic design trade-offs. For example, they can help determine the number of quantum

wells (gain) needed to achieve lasing for a given number of DBR periods (reflectance) in

the coupling mirror, and vice versa.

The first optically pumped "visible" (emission at 740 nm) VCSEL was reported in

1987 [Gourley and Drummond]. This device consisted entirely of AIxGal.xAs, including

an Alo.4Ga0.6As/GaAs (20 nmr/10 nm) 150 period multiple quantum well active region.

Efficient emission at wavelengths shorter than -690 nm is not possible with the

AlxGal.xAs material system. In contrast, visible red emission (620 to 690 nm) is readily

achieved by using an AlGaInP optical cavity active region (see Section 2.3 and
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Appendix A). The first optically pumped visible VCSEL composed of an AIGaInP

quantum well active region was demonstrated in October 1991 and first published in

April 1992 [Schneider et al. 1992a]. This device structure used AlAs/AI0.5Ga0.sAs DBRs

and emitted at 657 rin. Subsequently, several similar structures were investigated and

emission was achieved over the range 632 to 661 nm [Schneider et al. 1992b]. The first

optically pumped "all-phosphide" visible VCSEL, composed of an AlGaInP optical

cavity active region and AI0.51n0.sP/ (AI02Ga0.S)0.SIn0.5P DBRs, was demonstrated in

November 1992 and first published in May 1993 [Lout et al. 1993a, Schneider and Lott

19931. Lasing in this structure was achieved over the range 668.2 to 676.8 nrm. (For a

comparison of AIGaAs DBRs to AlGaInP DBRs, see Chapter 2 and Schneider and Lott

[19931.)

In this Chapter, optically pumped lasing in AlGaInP quantum well visible

VCSELs with both AIGaAs and AIGaInP DBRs is examined in detail for two specific

structures. For these structures, it is shown that lasing is achieved due to significant gain

contributions from the second (n=2) quantized quantum well state. This is in contrast to

the first AIGaInP visible VCSEL cited above, where the gain contributed primarily from

the first (n=l) quantized quantum well state was sufficient to overcome the cavity losses

and achieve lasing. The results are significant in that: 1) this is the first demonstration and

analysis of optically pumped lasing in VCSELs due to significant gain contributions from

the n=2 quantum well state; and 2) the results are useful for the analysis of the electrically

injected visible VCSELs described in Chapter 5. In fact, the results contributed to an

improved quantum well optical cavity active region design. The results, along with

improved doping (and grading) in the DBRs aLd the optical cavity, increased the

differential gain, reduced the current threshold, and ultimately resulted in visible VCSELs

that operated continuous wave at room temperature.
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Section 3.2 below describes the equipment used to perform the optical pumping

experiments. Next, Section 3.3 presents a first order model that is used to estimate the

density of carriers in the quantum well(s) at threshold for a given VCSEL structure. This

is followed by Sections 3.4 and 3.5, which contain the experimental results from the two

optically pumped AlGaInP visible VCSELs, one with AIGaAs DBRs, and the other with

AlGaInP DBRs. In Section 3.6, the optical pumping results are qualitatively analyzed by

employing a conventional quantum well gain model. Finally, Section 3.7 contains the

Chapter conclusions.

3.2 Experimental Set-Up

A schematic of the measurement system for optical pumping of visible VCSELs

is shown in Fig. 3.1. One of two laser sources is used to pump a tunable (-630 to 680 nm)

dye laser. The laser sources include a continuous wave (CW) argon laser (emitting at

514.5 nm), or a Nd:YAG mode-locked laser (emitting at 1.06 gim, -4-5 ps pulses at

-82-88 MHz) whose output is sent through a KDP (potassium dihydrogen phosphate)

frequency doubling crystal for emission at 530 nm. When the argon laser is used, the dye

output is fed through an acousto-optic modulator (AOM) which is controlled by a square

wave pulse. generator. In either case, the dye emission is focused onto the surface (or

subsurface) of the wafer under test, at normal incidence. The reflected dye emission plus

the photoluminescence from the wafer are directed through a bandpass or edge filter to

eliminate the dye emission, and into both a CCD (charge-coupled device) camera and an

OMA (optical multi-channel spectrum analyzer, which includes a CCD detector array). A

power meter, which measures average power, is used to measure the power incident onto

the wafer.
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Fig. 3.1 Schematic diagram of the system for optical pumping of visible VCSELs.
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3.3 Theoretical Quantum Well Carrier Density at Threshold

This section describes a method to estimate (order of magnitude) the density of

carriers in the quantum well(s) at or below threshold for an optically pumped VCSEL.

The following assumptions are made:

1) The absorption is uniform and can be modeled by Beer's Law (i.e. I = foe- )

2) The steady-state heating effects are negligible

3) The excitation pulse width is shorter than the carrier relaxation time

4) An ultrafast relaxation of carriers to the lower two quantized quantum well states

5) The quantum efficiency is 1.0 (1 electron-hole pair for every absorbed photon)

6) The carrier diffusion effects are negligible

7) The pumping beam has a Gaussian intensity profile

The average power of the pulsed optical excitation incident on the wafer is given by the

mean value theorem

Pave fP dt PpakAt (W) (3.1)

where PpM is the peak power, rp is the pulse to pulse spacing, and AM is the pulse width.

The energy in each -square pulse is thus

Epuise = Pave'lp = PpeakAT (J) (3.2)
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The fraction of the incident pump energy that is absorbed in the quantum well(s) at a

given pump wavelength (Xp) is

=(I - R [ COIL'] (I - Ca'wI-Qw) (unitless) (3.3)

where R is the reflectance normal to the surface, a, is the absorption coefficient and Lf is

the thickness of layer I in the top coupling DBR, respectively, CaQw is the absorption

coefficient of the GaInP quantum well(s), and LQw is the total thickness of the quantum

well layers. Typically for unintentionally doped DBR layers with bandgaps above the

emission energy, the bracketed term in Eq. (3.3) is close to unity and can be neglected.

The absorptive volume

Volume = area* length -=x d Lw (cm3) (3.4)
4

is found from an assumed diffraction limited (focused) spot diameter [Saleh and Teich

1991]

4 f (pOm) (3.5)xso djaser

where f is the focal length of the focusing lens, and dias is the beam diameter of the

pumping laser. The energy converted from a photon to a charge carrier is

Eonv = Em. (i/electron-hole pair) (3.6)
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where Eums is the transition energy between electron and hole quantum well states. (The

excess pump energy is lost to the lattice). By using Eqs (3.1) to (3.6), the estimated

carrier density (90 for a measured Pave at or below threshold is

N (Epuse) (A=w) (electrons/cmi3) (3.7)
(Ecm) (Volume)

3.4 Hybrid AIGaInP/AIGaAs Optically Pumped Visible VCSEL

The layer details of a hybrid visible VCSEL structure for optical pumping

experiments are given in Table 3.1. Also given are the estimated layer thicknesses

corresponding to a Bragg wavelength (ko) of 670 nm, which are determined from the

refractive index dispersion relationships outlined in Appendix A. The structure consists

of a 2A AIGaInP quantum well optical cavity active region surrounded by AlAs/AlGaAs

DBRs, as outlined in Chapter 2. The electric field intensity on resonance (i.e. at Xo) was

calculated (see Appendix C) and is shown in Fig. 3.2. The calculated reflectances of the

bottom (45 periods) and top (32.5 periods) DBR stacks, as seen from the optical cavity,

are 0.99990 and 0.99931, respectively.

Just prior to VCSEL growth, an active region calibration sample was grown. This

sample is identical to the optical pumping sample but without the top and bottom DBRs.

The photoluminescence (PL) measurements from this calibration sample, taken at

temperatures (T) of 300K, 200K, and 100K, are given in Fig. 3.3. The peak emission can

be fit to the equation Xp (nm) = 653 + 0.04T + 0.2x10-3T2 (T in K), and at 300K the peak

value (el to hhl transition) is -683 nm.

The VCSEL is grown without rotation, such that the Fabry-Perot resonance

wavelength varies -linearly with position across the two inch wafer, from -690 nm
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Fig. 3.3 Photoluminescence of an A1GaInP quantum well optical cavity active region
calibration sample at 300, 200, and 100K, just prior to the growth of the hybrid visible
VCSEL.
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Table 3.1 MOVPE Growth List for Hybrid Visible VCSEL Sample XCO915C

Thickness (A) Material Index at ,o Thickness (A) Material Index at Ao

100.0 GaAs 3.81 -i0.16 continued
332.1 AI0.5Gao.5As 3.491 1747.5 (Al0.7Ga0.3)0.5In0.5P 3.316

518.4 A10 .51n0.P 3.231
(repeat) 50.00 AI0.75Gao.25As 3.273

100.0 AIo.7sGao02As 3.273
435.7 AlAs 3.093 (repeat)
100.0 Al0.7sGa0.25As 3.273 386.0 A10.Ga 0 .5 As 3.491
386.0 A10.5Gao0jAs 3.491 100.0 Al0.75Ga0.25As 3.273

x 32 435.7 AlAs 3.093
100.0 AI0.75Ga0.25As 3.273

50.00 Ai0.75Gao.25As 3.273 x 44
518.4 AI0.5Ino.5? 3.231
1747.5 (AI0.7a.3)o0.51n05P 3316 386.0 AI0.5Ga0.5As 3.491

100.0 AI0.75Ga025 3.273
(repeat) 435.7 AlAs 3.093

100.0 Gao.44In0.56P (SQW) 3.577 50.00 AI0.75Ga0.25As 3.273
100.0 (AI0.TGa0.3)0.5In0.5P 3.316 5000 GaAs 3.81 - iO.16

x 2 substrate (n+) GaAs (100) 6-

100.0 Gao.441no.56P (SQW) 3.577 Bragg wavelength Xo = 670 rin
all epitaxial layers are unintentionally doped

to -640 nm from front (thickest) to back (thinnest). Figure 3.4 shows the measured

reflectance spectra. The position of the Fabry-Perot resonances are indicated for each

spectrum. The thickness variation is approximately linear except near the edge on the thin

side where the layer thickness tapers off (decreases at a higher rate). The range of lasing

wavelengths, described below, is within the dashed lines in Fig. 3.4.

Optically pumped lasing is achieved in and around the center of the wafer from

663.8 to 675.0 nm. Fig. 3.5 is a plot of the lasing spectrum at 669 nm (solid curve). Also

shown is the attenuated dye laser pump at 643 nm, and the reflectance of the structure

(dashed curve) at the same spot on the wafer. Note that the laser emission is shifted



99

COS

C))

cm)

U-

LU

620 640 660 680 700 720

WAVELENGTH (nm)

Fig. 3.4 Measured reflectance spectra (at normal incidence) at five approximately
equally spaced points across the hybrid visible VCSEL wafer.
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Fig. 3.5 Optically pumped lasing spectrum at )wo = 669 nm for the hybrid visible
VCSEL. The attenuated dye laser pump is also shown (at Xo = 643 nm), as is the
corresponding reflectance spectrum at normal incidence.
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(-1 nm) longer than the Fabry-Perot wavelength from the reflectance measurement due to

heating. The shift corresponds to an increase in temperature of -20 to 25 OC (see

Table 2.7). Also note that the pump wavelength is close to a reflectance minima, in order

to increase the amount of energy transmitted into the structure.

By using Eqs (3.2) to (3.7), the density of carriers in the quantum wells at

threshold can be estimated. For pumping at 643 nm in Fig. 3.5, R - 0.49, dqt - 15 Wm,

aGatm - 40.2 x 103 cm-1, fotp - 58.6 x 103 cm-1 (using interpolation between InP and

GaP), aAIGA, - 25 cm"1 (rough estimate), Pave = 23 mW, rp = 11 ns,

Econv = 297 x 10,21 J/electron, and thus AQw - 0.078 and Volume - 5.3 x 10-12 cm 3.

Note that the top 10 nm thick GaAs layer absorbs -4% of the incoming energy and that

-40% of the incident light is absorbed in the GaAs substrate. The resultant carrier

density is N- I x 1019 cm-3, which is probably an over estimate by -30 to 50%. Why the

overestimate? Because it is difficult to accurately assess all of the mechanisms involved

in the optical pumping process. Certainly the number is less because of carrier diffusion

and leakage, and a quantum efficiency < 100%. On the other hand, the absorption

coefficients for the GalnP quantum wells and for the above bandgap AlGaAs layers are

not accurately known, and they should increase when the temperature increases due to

bandgap shrinkage. For these reasons, the model serves only as a rough estimate of

carrier density.

The averag• pump power at threshold for the structure in Table 3.1 as a function

of emission wavelength (or equivalently wafer position) is plotted in Fig. 3.6. The data is

for pumping with the mode-locked Nd:YAG/dye lasers with 5 ps pulses at a period of

I I ns. Similar results where obtained for pumping with the Ar+/dye lasers with 100 ns

pulses at a period of 4 jis. The power at threshold goes through a minimum near 665 nm.

This is curious since it is known from Fig. 3.3 that the peak room temperature PL

emission occurs near 683 nm. In fact, lasing is achieved from 661.8 to 675.0 nm and not
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Fig. 3.6 Measured average incident power onto the surface of the hybrid visible VCSEL
against lasing wavelength (or equivalently, against position on the wafer).
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at -683 nm. With heating, the threshold minimum would be expected to occur at

-685 nm and not at -665 rm. The only possible explanation for this phenomena is that

gain contributions from the second (n=2) quantized quantum well state are required to

achieve lasing. This is explained qualitatively in Section 3.6 by employing the quantum

well gain model described in Appendix D.

3.5 AiI-AIGaInP Optically Pumped Visible VCSEL

The layer details of an all-AIGaInP visible VCSEL structure for optically

pumping experiments are given in Table 3.2, along with the estimated layer thicknesses

corresponding to a Bragg wavelength (Qo) of 670 nm. These thicknesses are determined

from the ,,efractive index dispersion relationships outlined in Appendix A. The structure

consists of a 2X AlGaInP quantum well optical cavity active region surrounded by

Al0.51n0.P/(AI0.2Ga0.s)0.51no.sP DBRs, as outlined in Chapter 2. The substrate is

oriented (31 1)A to maximize the optical efficiency of the quantum well optical cavity

active region. A schematic diagram of the structure, along with the (charge neutral) real

space energy band diagram and refractive index profile (at X0 = 670 nm) in and around

the optical cavity active region, is shown in Fig. 3.7. The electric field intensity on

resonance was calculated (see Appendix C) and is shown in Fig. 3.8. The calculated

reflectances of the bottom (60.5 periods) and top (45 periods) DBR stacks, as seen from

the optical cavity, are 0.99970 and 0.99887, respectively.

Just prior to VCSEL growth, an active region calibration sample was grown. This

sample is identical to the optical pumping sample but without the top and bottom DBRs.

The photoluminescence (PL) measurement from this calibration sample, taken at 300K, is

given in Fig. 3.9. The peak emission is -678 nm. As an additional check to verify the

peak emission wavelength of the quantum wells (-corresponding to the n=1 transition),

a small piece of the actual visible VCSEL wafer, near the short thickness end with
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Fig. 3.7 Schematic diagram of the all-phosphide visible VCSEL for optical
pumping experiments. Also shown is the real space, charge neutral energy
band diagram and real refractive index profile for the optical cavity active
region and two periods of the surrounding DBRs.
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Fig. 3.9 Photoluminescence of an AlGalnP quantum well optical cavity active region
calibration sample at 300K, just prior to the growth of the all-AIGaInP visible VCSEL.
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Table 3.2 MOVPE Growth List for AII-Phosphide Visible VCSEL Sample XCI 104C

Thiknes (A) material Index at xo Thickness (A) Material Index at A~O

(r e) contiued
479.8 (AlO.2Ga0.8)O_1n0.:P 3.491 1758.7 (Al0 .jGa.3)0_.ht0.5P 3.316
518.4 Alo.01noMP 3231

x 45 (repeat)
518.4 AIo.5lno-iP 3.231

1758.7 (Al0 .7Ga03)0.5InO.5P 3.316 479.8 (AIO.2Gao.8)0.5n0.P 3.491
x60

(reeat)
100.0 Gao.4InO.56P (SQW) 3.577 518.4 AlO.5Ino0.P 3.231
100.0 (Alo.Go303)o.51nO.sP 3.316 5000 GaAs 3.81 - iO.16

x 2 substrate (n+)GaAs (311)A

100.0 GaO.44In0.56P (SQW) 3.577 Bragg wavelength Ao = 670 ran
all epitaxial layers are unintentionally doped

)o - 620 nm, was etched in H3PO4:HCI:H 20 (1:1:1) [Lothian etal. 1992a, 1992b] to

remove -half of the top DBR stack. Note that the wet etchant is very rough (the etched

surface resembles the Mayan pyramids in Mexico), and that this affects the following

reflectance measurement. The measured PL (Ar+ laser excitation) and reflectance from a

single spot on the etched test piece are shown in Fig. 3.10(a). The calculated emission

spectrum and reflectance of the same structure (best estimation) is given in Fig. 3.10(b).

The model given in Section 4.3 (Chapter 4) was used for the emission spectrum

calculation. The PL is filtered spontaneous emission escaping through what is left of the

top DBR. By comparing Fig. 3.10 with Fig. 3.9, it is clear that the peak of the spectral

gain from the quantum well active region in the actual visible VCSEL sample occurs in

the vicinity of -675 nm (given the known variations across an unrotated wafer, see

Fig. 5.5 in Chapter 5). The PL peak is expected to be -678 nm or longer at wafer center.
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Fig. 3.10 (a) Measured reflectance and photoluminescence from the all-A1GaInP visible
VCSEL at the short end of the wafer, with -half of the top DBR periods removed, and
(b) corresponding calculated reflectance and spontaneous emidssion spectrum.
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As with the hybrid structure described in Section 3.3, the "all-phosphide" VCSEL

is grown without rotation, such that the Fabry-Perot resonance wavelength varies

-linearly with centerline position across the two inch wafer from -690 nm to -620 rnm.

This represents a layer thickness variation of -14% (see Fig. 2.18). The thickness

variation is larger than for the AlGaAs DBR structure because a higher growth pressure

(110 mbar, instead of 80 mbar) is used to grow AlGaInP. Also, since the differential

refractive index of the Alo.51no.5P/(Alo2Gao.g)o.5lno.5P DBRs is smaller than for the

AlAs/Al0.5Ga0. 5As DBR (see Chapter 2), the reflectance bandwidth is smaller.

Figure 3.11 shows the measured reflectance spectra at several points across the wafer

centerline. The range of lasing wavelengths, described below, is within the dashed lines.

Optically pumped lasing is achieved from 668.2 to 676.8 nm. Figure 3.12 is a plot

of the lasing spectrum at 676.8 nm (solid curve). Also shown is the attenuated dye laser

pump at 637 nm, and the reflectance of the structure (dashed curve) at the same spot on

the wafer. The laser emission is shifted (-2 nm) longer than the Fabry-Perot wavelength

from the reflectance measurement due to heating. The shift corresponds to an increase in

temperature of -50 0C (see Table 2.7).

The average incident pump power at threshold for the all-phosphide structure in

Table 3.2 as a function of emission wavelength (or equivalently wafer position) is plotted

in Fig. 3.13(a). The data is for pumping with the mode-locked Nd:YAG/dye lasers with

5 ps pulses at a period of -11 ns. Similar results where obtained for pumping with the

Ar+/dye lasers with 100 ns pulses at a period of 1.0 gs, except that device heating

decreased the range of observed lasing wavelengths. The results are qualitatively similar

to the results of Section 3.4, where the observed range of lasing wavelengths are blue-

shifted relative to the peak of the measured PL emission from the quantum well active

region. The L-L (light-in vs. light-out) characteristic at X0 = 672 nm is shown in

Fig. 3.13(b). The output power quickly rolls over due to heating effects.
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Fig. 3.12 Optically pumped lasing spectrum at X0 = 676.8 nm for the all-AlGaInP
visible VCSEL. The attenuated dye laser pump is also shown (at .= 637 nm), as is the
corresponding reflectance spectrum at normal incidence.
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3.6 Analysis of Results

This Section presents a qualitative analysis of the experimental results presented

in Sections 3.4 and 3.5. Figure 3.14(a) shows the calculated central standing wave and

real refractive index profile for the hybrid visible VCSEL at resonance wavelengths from

660 to 680 nm. These wavelengths cover the range of lasing observed in Section 3.4 (see

Fig. 3.6), and correspond to the thickness variations observed in the unrotated VCSEL

wafer. The quantum wells are taken as 10 nm thick, and the step-graded SCH structures

are replaced with a conventional SCH, for simplicity. The sets of quantum wells are

spatially offset due to the increasing refractive indices with decreasing wavelength. The

physical thickness of the DBR periods decreases as the wavelength decreases. The

standing wave intensity antinode is highest at 660 nm, and lowest at 680 nm. This is due

to the increased reflectance of the DBRs (increased An/n) as the resonance wavelength

decreases. The number of DBR periods remains constant, while the differential refractive

index increases with decreasing wavelength. The relative confinement factor is

essentially constant at rr - 1.41 ± 0.02, over the given resonance range. In contrast, the

DBR reflectivity (and thus the phase penetration lengths, -580 nm at 660 nm, -610 nm at

680 nm) varies with resonance wavelength as shown in Fig. 3.14(b). From Eq. (2.24)

with am = 25 cm- 1 and 50 cm-1, and neglecting other absorptive losses, the threshold gain

versus resonance wavelength is calculated and is shown in Fig. 3.14(b). Although the

threshold gain decreases for shorter wavelengths, the behavior does not explain the

discrepancy between the experimental peak spectral gain from the active region

calibration samples, and the range of observed lasing wavelengths. The experimental

results suggest that lasing is achieved with significant gain contributions from the second

(n=2) quantized state.
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Fig. 3.14 Calculated (a) central standing wave and real refractive index profile at
resonance wavelengths from 660 to 680 nm, and (b) corresponding reflectance
(R = Mtb and threshold gain (with the given mirror loss) versus resonance
wavelength, both for the optically pumped hybrid visible VCSEL.
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Figure 3.15(a) qualitatively shows the shape of estimated gain curves in and

around the n=2 gain peak for a GaInP quantum well with increasing carrier density and

temperature (gain curves 1, 2, 3, and 4). The gain curves are similar to those in

Fig. 2.33(b). The quasi-parabolic shape of the data in Fig. 3.6 for the hybrid visible

VCSEL is reproduced in Fig. 3.15(b). Note that this shape is similar to the inverse shape

of the gain curves at the n=2 gain peak. It is assumed that the gain at the n=1 peak

remains below gth due to high cavity losses, or due to insufficient gain. Insufficient gain

could be due to a variety of factors such as excess heating causing carrier leakage out of

the well. Indeed, much of the incident pumping power is absorbed in the GaAs substrate

and convened to heat. In Fig. 3.15(a), curve 1 rises to point A on the threshold gain

curve. This corresponds to point A in Fig. 3.15(b) at the threshold minimum. Curves 2

and 3 represent increasing quantum well gain with a red-shift due to heating and due to a

high density of carriers in the well. The red-shift overwhelms the small blue-shift in the

gain curve that is associated with band filling. Point B in Fig. 3.15(a) is first reached by

the shoulder of gain curve 2. In curve 4, the gain decreases and red-shifts further due to

excessive device heating. With further increases in carrier density, the gain drops below

the required threshold value. Points A, B, and C can be traced out from Fig. 3.15(a) and

used to construct the quasi-parabolic curve in Fig. 3.15(b), as shown.

A similar analysis is possible for the all-AlGaInP visible VCSEL, in order to trace

out the quasi-parabolic curve shown in Fig. 3.13(a). This type of analysis can also be

used to qualitatively explain the shape of the L-L curve in Fig. 3.13(b), with the help of

Fig. 2.30 in Chapter 2. Recall that the peak of the quantum well spectral gain red-shifts at

a faster rate than does the Fabry-Perot resonance with increasing temperature (or

equivalently increasing optical pump power). Once passed threshold, the L-L curve

rises sharply and then rolls over with increasing pump power. This correlates to the

rising, and red-shifting of the quantum well gain, relative to the Fabry-Perot resonance.



116

Incressing threshold gin (ge)
optical pump wngy

UI

z
Q

655 660 665 670 675 M5

WAVELENGTH (nm)

z

000

660 66C7 7 5

• ".

Fg3.5Qaitaiv anaysi of tegivrsslasn waeent reutsfr.h
5S660 66 S 670 675 6l0

EMSINWAVELENGTH (nm)

optically pumped hybrid AlGaInP/AIGaAs visible VCSEL. (a) Calculated threshold
(thick solid line) and quantum well gain curves 1 to 4 (other lines) in and around the n--2
gain peak with increasing pump energy. (b) Repeated Fig. 3.6, showing pumping
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Eventually, the gain peak red-shifts passed the Fabry-Perot resonance and the power

output decreases.

The thermal resistivity of Ga0.5In0.sP ( -19 cm °C/W) is higher than that for

AIGaAs (< 10 cm OC/W) [Bour 1993]. Thus it is not surprising that the operating

temperature of the all-AlGaInP visible VCSEL is higher than that for the equivalent

hybrid device, and that the range of lasing wavelengths is reduced. To achieve lasing near

the n=l gain peak at lower carrier densities, either the device losses must be reduced or

the available gain increased. The VCSELs discussed above are undoped, and the losses

due to free carrier absorption should be small. Table 3.3 compares the hybrid visible

VCSEL discussed in Section 3.4 to three other hybrid visible VCSELs from previous

studies. The results are obtained from identical experimental conditions. These structures

are similar to the structure in Table 3.1, except for the number of DBR periods, and the

thickness of the quantum wells and the separation layers. Also, the optical cavity

thickness is IX. The results in Table 3.3 suggest that the gain from the 10 nm thick

quantum wells with 10 nm thick separation layers is less efficient than the gain achieved

from the thinner wells and barriers. As presented in Chapter 5, similar results are obtained

for electrically injected visible VCSELs, Visible VCSEL diodes with 10 nm thick

quantum wells and barriers are able to lasw. only with significant gain contributions from

the n=2 quantum well state, at threshold current densities of Jth -4.2 kA/cm 2. In contrast,

identical devices with thinner 6 nm quantum wells and barriers lase with gain

contributions predominantly from the n=l quantum well state, with Jth -2 kA/cm2.

3.7 Conclusions

Optically pumped lasing in visible VCSELs with A1GaInP strained quantum well

optical cavity active regions and A1As/AIGaAs and AIInP/AlGalnP DBRs was

investigated. For undoped, unrotated (during MOVPE growth) wafers, lasing was
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Table 3.3 Comparison of Optically Pumped Hybrid Visible VCSELs
Wafer Number Thickness Numbert Numberl PL Peak Lasing Wavelength

I.D. of QWs QWlBrinner of Top of Bottom Emission at at Minimum
(nm/nm) DBRs DBRs 300 K (nm) Threshold '(rnm)

XB 1o24Bt 637 31 40.5 -655 -657
XC 0227C 4 6f7 31 40.5 -650 -650

XC 0214B 3 6/7 31 40.5 -660 -665

XC 0915C 3 10/10 33 45.5 .-683 -665
t[R. P. Schneider et al. 1992a]
I includes a A/4 Ino.jAi0.P layer (see Table 3.1)

achieved at -room temperature from 661.8 to 675.0 nm in the hybrid structure, and from

668.2 to 676.8 nm in the all-AlGalnP structure. The lasing wavelengths were blue-shifted

from the peak of the room temperature PL spectra measured from the quantum well

active regions. This phenomena was qualitatively explained by using a conventional

quantum well gain model. It was shown that lasing was achieved due to significant gain

contributions from the n=2 quantized quantum well state. The optically pumped samples

were undoped, and the DBRs were conservatively designed (i.e. large numbers of DBR

pairs, and thus high values of reflectance). Thus, it was expected that the cavity losses

(i.e. absorption) and the gain threshold would be minimal. The measured characteristics,

however, suggest that the gain from the active region, composed of 10/10 nm thick

quantum well/barrier layers, was inefficient and thus not an optimal design. This

hypothesis was corroborated by comparing the present device results to results from

similar hybrid visible VCSELs, with 6/7 nm thick quantum well/barrier layers (a more

efficient design due to improved standing wave overlap). These latter optically pumped

structures operated with gain contributions primarily from the n=1 quantized quantum

well state.
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Chapter 4 Resonant Cavity Light Emitting Diodes

4.1 Introduction

Resonant cavity light emitting diodes (RCLEDs) have attracted interest due to

their increased output intensities, narrow spectral linewidths, and narrow radiation

pattern, as compared to conventional LEDs. These devices consist of an optical cavity

active region placed within an asymmetric Fabry-Perot etalon. The etalon mirrors are

typically quarter-wave (X/4) semiconductor or dielectric distributed Bragg reflectors

(DBRs), or metal films over phase matching layers. One DBR has a reflectance (R) near

100% at the Bragg wavelength while the other coupling DBR has R : 97%, which

determines the etalon cavity quality factor (Q). Spectral linewidth is selected by the

cavity Q, and decreases as Q increases. Spatially localized gain layers, such as quantum

wells, are placed at the antinodes of the electric field intensity (in the optical cavity),

resulting in enhanced spontaneous emission on resonance [Bj~rk et al. 1991, Feng 1991,

Lei and Deppe 1992, Lei et al. 1993]. The thickness of the optical cavity (microcavity) is

on the order of the emission wavelength. The RCLED is a potential light source in

applications such as wavelength division multiplexing, optical fiber communications, free

space optical interconnects, and integrated optical logic. Visible (-560 to 690 nm)

RCLEDs, composed of AlGalnP quantum well or bulk layer active regions, have

potential application in local area networks based on polymer optical fibers [Dutt et al.

1988], and for fabrication into densely packed one- or two-dimensional arrays for optical

interconnect and monochromatic display applications. Compared to vertical cavity

surface emitting lasers (VCSELs), RCLEDs are easier to fabricate and have relaxed
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epitaxial growth tolerances, but, they have lower output powers and broader spectral

linewidths.

Much like the quantization of energy states in quantum wells, modes are

quantized in microcavities. A fundamental quantum electrodynamic effect is the coupling

of spontaneous emission, generated within a microcavity, to the modes of the microcavity

[De Martini et al. 1987, Haroche and Kleppner 1989, Baba et al. 1991, Yamamoto and

Slusher 19931. For RCLEDs, the rate of spontaneous emission, for a given wavelength, is

increased or decreased (enhanced or inhibited) depending on the parameters of the

microcavity at that wavelength. Example parameters include the cavity optical thickness,

the mirror reflectance and reflectivity phase, and the exact placement of the gain layers

within the microcavity. The first demonstration of enhanced and inhibited spontaneous

emission in all-semiconductor microcavity LEDs was achieved in 1990 [Deppe et al.,

Rogers et al.]. This first structure consisted of Gao.glnO.As quantum wells surrounded by

GaAs barrier layers, and the output was enhanced spontaneous emission at -980 nm. This

was followed by IR "RCLEDs" that emitted at -860 nm [Schubert et al. 1992] and at

-1.3 and 1.55 gtm [Hunt et al. 1992a, 1992b]. These structures were similar to

conventional IR VCSELs, except that the reflectance of the coupling mirror was kept low

to prevent lasing. The first visible RCLEDs, composed of an AlGaInP quantum well

active region surrounded by AlAs/AIGaAs DBRs, were reported in February 1993

[Lott et al. 1993a]. This was soon followed by the first report of all-AlGaInP visible

RCLEDs in June 1993 [Lott et al. 1993b]. With the all-AIGaInP approach, emission is

possible at wavelengths as short as -560 nm by using bulk layers (or a short period

superlattice) in the active region. Thus, high density arrays of multi-color (red, orange,

yellow, green) RCLEDs should be possible. Devices similar to RCLEDs, called
"high-brightness" LEDs, where a DBR high reflector was placed beneath the active

region, were also reported [Kato et al. 1991, Sugawara et al. 1992].
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This Chapter presents the fabrication, modeling, and characterization of RCLEDs

with both GaInAs/GaAs optical cavity active regions (emitting at -980 nm), and with

AJGaInP optical cavity active regions (emitting at -670 nm). The results are significant in

that: 1) they include a classical model that predicts the spontaneous emission spectrum

for arbitrary RCLEDs, and for the first time considers DBR reflectivity phase, finite

photon coherence time, and absorptive cavity losses; 2) they include the first

characterization and analysis of an all-semiconductor IR RCLED, before and after some

dielectric DBR periods were added to transform the RCLED into a VCSEL; and 3) they

include the spectral characterization and analysis of the first visible RCLEDs.

This Chapter is organized as follows. Section 4.2 overviews the fabrication

sequences for the RCLEDs. Next, Section 4.3 presents a Classical Wave Interference

Model, which is used to model the relative intensity and spectral characteristics (i.e. the

enhanced and inhibited spontaneous emission) from one side of an RCLED. Section 4.4

presents the results from an infrared (•.o -980 nm) RCLED composed of GaInAs

quantum wells and AIGaAs DBRs. This IR RCLED is transformed into an IR VCSEL by

increasing the reflectance of the top coupling DBR, by adding a few dielectric DBR

periods. The subsequent characteristics of the hybrid IR VCSEL are presented. Next,

Section 4.5 presents the spectral characteristics of hybrid AlGaInP/AlGaAs visible

RCLEDs, and Section 4.6 follows with the design and spectral characteristics of

all-AIGaInP visible RCLEDs. Finally, Section 4.7 contains the Chapter conclusions.

4.2 Device Fabrication

The RCLEDs were fabricated using the same basic sequences as described for the

Quick VCSELs and the ion implanted VCSELs in Chapter 5 (see Section 5.2). These are

not the optimal geometries for RCLEDs, but are sufficient to investigate the basic device

spectral emission characteristics. A cross-section schematic diagram of a completed IR
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RCLED is shown in Fig. 4.1. The device is fabricated as follows. Photmesist, 3 pim thick,

is patterned in the reverse image of the top contact pad. Hydrogen ions are implanted with

a dose of 1 to 5 x 1014 cm2 , to a depth just above the top DBR/optical cavity interface

(for 10 top AIxGal.xAs DBR periods at Ao = 980 nm, this depth is -1.5 Wim, requiring an

implant accelerating potential of -130 keV). After the implant, Ti/Au (30 an/270 nm)

p-contact metal is deposited by e-beam evaporation. The self-aligned top contact is then

lifted-off. The contact pads are rectangular (40 x 60 ;im), with optical apertures (holes

with circular diameters) of 10, 15, 20, or 30 AiM. Next, the rectangular contacts are

masked with photoresist, and the exposed material is removed, either by a wet etchant

(such as H3PO4 :H202:H20, with a volume ratio of -1:1:10), or by conventional reactive

ion etching using a BC13/C12 plasma. The material is etched down just through the optical

cavity active region. For wet etching, it is possible to visually count the DBR periods as

they are etched by observing the series of light and dark reflections. In contrast to the

schematic in Fig. 4.1, the wet-etched sidewalls are sloped. For dry etching, the etch depth

is determined in real time by using in situ reflectance monitoring (see Fig. 2.12). The

etching creates mesas and isolates individual devices. The final step is the deposition, by

e-beam evaporation, of n-type contact metal (Ge -20 nm/ Au -50 nm/ Ni -10 nim/ Au

-300 nm) on to the entire back surface of the substrate. This contact is subsequently

annealed at -400 *C for 30 seconds to improve the ohmic contact.

A schematic diagram of a completed all-AlGaInP visible RCLED is shown

in Fig. 4.2. The devices were fabricated as follows. A photoresist implant mask

was patterned in the reverse image of the top contact for implantation with

5 x 1014 hydrogen ions/cm2 at an energy of 70 keV. (A recent study revealed that

H+ does not effectively electrically isolate Al0 .5 In0 .5P, even at very high doses

[7Zolper et al. 1993]. However, moderate. doses (-1 x 1014 cnm2) of either argon or oxygen

were shown to electrically isolate AIO.5 InO5P). Next, self-aligned p-electrode metal
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Fig. 4.1 Schematic diagram of (a) a fabricated IR RCLED and (b) the top contact
pad. The optical aperture diameter is 10 (shown), 15, 20, or 30 gm.
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Fig. 4.2 Schematic cross section diagram of the all-AlGaInP visible RCLED. Also
shown is the refractive index profile of the optical cavity active region and adjacent
pairs of DBRs. The top inset is an alternate annulus top contact geometry
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(Ti/Au) was e-beam deposited and lifted-off. The entire p-electrode was then masked

with photoresist and a second double hydrogen ion implant was performed at energies of

70 keV and 40 keV to isolate the devices without mesa etching. Finally, n-type ohmic

contact metal (GeAu/Ni/Au) was e-beam deposited onto the back surface and annealed as

above. For this device geometry, a minimum thickness of about 5 DBR periods is needed

to adequately spread current from the top contact into the active emitting area while

maintaining a moderately low resistance. For less than 5 periods a phase matching layer

could be used as part of the top coupling stack to insure efficient current injection.

4.3 Classical Wave Interference Model

This Section contains the derivation of a Classical Wave Interference Model. This

model predicts the relative intensity and spectral characteristics of the emission from one

side of an asymmetric multilayer Fabry-Perot etalon structure (see Section 2.5). The

active segment in the optical cavity is a quantum well, which in the theory is taken as a

spatially localized dipole emitter. The derivation follows that in [Huang et al. 1992,

Lei et al. 1993b, 1993c] but is more general in that it includes the DBR reflectivity phase

terms (01 and 02). Additionally, analytical equations are given that acc(,Jnt for round trip

cavity losses, and for finite coherence length. This model is useful for the first order

analysis of the (inhibited and enhanced) spontaneous emission spectra emitted from

resonant microcavities containing optical cavity (quantum well) active regions. The

limitations of the model are also discussed.

Figure 4.3 shows a schematic diagram of the multilayer Fabry-Perot etalon

resonant cavity. The quantum well is taken as a spatially isotropic dipole emitter that is

placed at an arbitrary distance LI and L2 from the DBR mirrors. The thickness of the

optical cavity is L = L1 + L2 . The dipole emits coherent electromagnetic radiation

(spontaneous emission) in the form of impulse (single event) wave packets with electric
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Fig. 4.3 Schematic diagram of a multilayer Fabry-Perot etalon for use with the
Classical Wave Interference Model [after Lei et al. 1993a].



128

field amplitude E(t). The wave packet intensity spectrum is approximately Gaussian, and

is similar to the electroluminescence spectrum of a conventional light emitting diode, or

to the photoluminescence spectrum of a quantum well structure. The coherence time (ZC)

of the spontaneous emission is taken to be much longer than the photon lifetime in the

cavity. The DBRs are modeled as mirrors with transmittivity r, reflectivity p, reflectivity

phase 0, transmittance T, and reflectance R, all functions of wavelength. These

parameters are readily calculated using the matrix method described in Appendix C. For

simplicity, the DBRs are treated as single interfaces of negligible spatial extent.

The electric field amplitude emitted out the top (side 1) DBR mirror (ERI) is a

summation of wave train pulses due to the repetitive reflections within the optical cavity,

analogous to the Airy series that results for conventional Fabry-Perot etalons [MacLeod

1989]. At normal incidence

ERI(t - L1/c) = -ij E(t) + TP2 E(t + 2L2/c)

+ ' 1P1P2 E(t + 2Idc) + ' 1plp2E(t + 2L2/c + 2LIc) (4.1)
+ 'tp~p~2E(t + 4L/c) + ,lp2p23E(t + 2L2/c + 4L/c) +..

where r l is the complex transmittivity coefficient of DBR 1 (as seen from inside the

optical cavity), p I and P2 are the complex reflectivity coefficients of DBR 1 and 2,

respectively (as seen from within the optical cavity), t is time, c = Co/ncav is the speed of

light in the optical cavity, and ncav is the refractive index of the optical cavity. The

frequency spectrum emitted out of DBR 1 is found by taking the Fourier transform

of Eq. (4.1)
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J ERI(t - Li/c) ei dt = J l E(t) e1i dt + J clP2 E(t + 2LJc) ei4 dt

+ £" P pIP2 E(t + 2Lic) ei- dt + T I pIp2E(t + 21/c + 2L/c) ei' dt (4.2)

+ + p2p•E(t + 41/c) e1" dt + f 1plpE(t + 2L2/c + 4L/c) e• dt +•

where a factor of 1/2x has been canceled from each term. The electric field impulse

emerging from DBR 1 is more precisely given by

8(t- to) E(t) (4.3)

where to is the time the pulse first appears and 8 is the Kronecker (delta) function

8(t - t.) dt s 1 (4.4)

The first term on the left hand side (L. H. S.) of Eq. (4.2) is thus

L. H. S. 6(t - to) ER,(t - L1I/c) ei~a dt (4.5)
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Since ei'x is slowly varying in the vicinity of to = t - LI/c, it can be taken out of the

integral as the constant eiao = eio)(t" LIp), resulting in

eiw(l -L/c) ER1((0) J 8(t - to) dt = ei*t- Li/O) ER1(Wo) (4.6)

This same integration scheme is performed on every term on the right hand side of

Eq. (4.2). The resulting relation at t = 0 is

ERI(w) e-iG4•4c = E(Q) [I + TIP2 eib'0Ic + ?1PIP2 •iaa'Ldc

+ T,1P11jeio2.2€+ 2L¢) + ,Cjp12p1eiG44LC) +...] (4.7)

The right hand side (R. H. S) of Eq. (4.7) may also be written as

R.H.~~~~~~~~~ S.(U)1 [ppeO23Ic ~ + ')eiOatJdc + (4.8)]

[pupuei(2u1J0 LP (4.8

The magnitude IE((0)I2 is the frequency intensity spectrum of an initial wave packet inside

the cavity. The variables r and p are in general complex, for example p = a + ip. In

phasor notation p = Ipleik, where IpI = ý-a2 +p2 and 0 = tan-l(3/a).

The infinite series in Eq. (4.7) is made recurrent by dividing through by

P 1 p2 eiw2L/c, resulting in

ER1M (€40) L/ e'i2ag"/
PE12i) e = E(w)[PIP2ei-2Lk + pi ei•lc + ERI(CO) eia(t - Ldc) (4.9)
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Rearranging Eq. (4.9)

ERA(0) e--Ni/c[1 - pIp2 eiSL] = v I + P2 ewaLdc] (4.10)

Replacing Pi and P2 with phasor notation in Eq. (4.10) results in

ERI(0) e-iOfL/ I-[l-Pt sIPAe42!L.4-+01+O0)] = ci E( )[I +Ip2 e4e2•aok+O24] (4.11)

The intensity of the emission spectrum is found by squaring (using the complex

conjugates) both sides of Eq. (4.11) and solving for IERI(0))12 . The left hand side of

Eq. (4.11) reduces to

L. H. S.-= ER1(O 2 [1 - 2 IpIl INco42aol/c+e + 0e 2) +R1 R2] (4.12)

and the right hand side of Eq. (4.11) reduces to

R. H. S. = T1 E(wf [[1 + 2 I• cos2woL2/c + 02)+ R2] (4.13)

Solving for IERI(w)1 2 by equating Eqs (4.12) and (4.13) results in

IERI(CA) = T, pE(C2 [1 + 2 Ip2 cos(2•2c + 02)+ R2] (4.14)
[1- 2 Ipi'I I cos(2oL/c + 01 + 02) + RI R2]

The value of IER1(o)#2/AE(c)1 2 represents a spontaneous emission enhancement factor.

Loss mechanisms such as scattering and absorption are neglected in the derivation

of Eq. (4.14), except for those that are included in the matrix calculations. Consider a
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phenomenological loss, where e24 is the loss due to one round trip pass in the optical

cavity. For example, t could equal -. Leff, where a is the material absorption coefficient

and Lef is the effective cavity length (see Section 2.2). With this simple loss mechanism.

Eq. (4.14) becomes

PRI(O2 -- j" E(2[l + 26 tIpAco42o/ c + 02) + e2;R2] (4.15)
IER1(wV [eW' - 2e; IpIl Ii'A co42coLlc + 01 + 02) + e3 MI2R R2]

Note that t (through a) is wavelength dependent.

Equation (4.14) is valid for infinite 'c. For an actual quantum well microcavity

structure, the value of c is given by [Saleh and Teich 1991]

C = ._ (4.16)
Av

where Av is the spectral half width frequency of the quantum well emission without the

presence of the microcavity (equal to the spectral half width of IE(0)#2 for the present

case). For GalnP quantum well structures emitting in the visible (620 to 690 nm),

Av - 1 x 1013 s-1, and thus from Eq. (4.16) 'c - 100 fs. The coherence length (1c) is given

by [Saleh and Teich 1991]

Ic = co1 Jncav (4.17)

For an AIGaInP semiconductor optical cavity with a refractive index of ncav - 3.3, the

coherence length for the above example is Ic - 9 pJm. The microcavities of interest in this

dissertation are typically doc - 0.1 to 1.5 pgm thick (not including the phase penetration

lengths). The corresponding number of round trips in the optical cavity for which



133

coherence is maintained is lc/2d - 9/0.2 = 45 or less. Consider a 2X cavity (A.o = 650 nm,

thus doc -0.4 pim thick) with R2 = 1.0 and RI = 0.5. The field amplitude (neglecting

absorption) after 10 round trips is about r,(pl)10(p 2)1OE - 0.016E and the extra terms

beyond this point that are included in Eq. (4.7) are negligible. Thus, Eq. (4.14) should be

a good estimate of the emission spectrum for this case. In contrast, if R2 = 1.0 and

RI = 0.9, the field amplitude after 10 round trips is about 0.53E and Eq. (4.14) will over

estimate the intensity of the spectrum.

For short coherence lengths or for cavities with high DBR reflectances, a

phenomenological correction to the predicted spectral intensity given by Eq. (4.14) is

possible by subtracting from it the spectral contributions of the wave train pulses that exit

DBR 1 after a certain number of round trip passes in the cavity. If u- 1 round trips are

allowed (round u-I down to the nearest integer), then

=ERI(wop T, Ipir2uIPf1 [1 + 2 pA cos(2WL2/c + 02) + R2] (4.18)
PE(F -2 [l-21pljjp 2 cos2,6Uc+0e+e2)+R1R2]

represents the relative spectral intensity that should be subtracted from the value obtained

with Eq. (4.14). Since the loss of phase coherence is not abrupt but gradual, this

procedure is strictly an approximation and represents a lower limit for the emitted

spectral intensity.

The results of an example calculation using Eqs (4.14) and (4.18) are shown in

Fig. 4.4. The details of the example visible VCSEL structure are given in Table 5.1

(Chapter 5). The dashed line, which is IE(co)12 in the calculation, represents the emission

spectra of the quantum well active region without the DBRs (this is measured data

(normalized to a peak value of 1) from an LED test structure). The solid line is the

calculated spontaneous emission (i.e. the electroluminescence) expected from the top
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Fig. 4.4 Example calculation using the Classical Wave Interference Model. The modeled
structure is the hybrid visible VCSEL given in Table 5.1. The dashed line is the intensity
spectrum of the quantum well active region without the DBRs in place. The solid line is
the expected spontaneous emission spectrum emitted from the top of the visible VCSEL.
The excitation current is as 'cd to be below lasing threshold. (For comparison, see
Figs 5.3, 5.7. and 5.8 in Chapter 5). For this calculation, absorption was neglected.
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DBR, measured normal to the surface. The shape of the spontaneous emission spectrum

is a sensitive function of IE(o*)12 , the absorption parameters used in the matrix

calculations, and the exact multilayer structure (i.e. many of the sharp features in Fig. 4.4

appear distorted in the actual structure due to natural growth fluctuations). The model

gives a good (semi-quantitative) estimate of the expected emission spectrum (compare

Fig. 4.4 with Figs 5.3, 5.7, and 5.8 in Chapter 5). Deviations from measured data are

expected since the parameters in the given model have finite accuracy. The

phenomenological corrections (Eqs (4.15) and (4.18)), along with IE(cD)12, essentially act

as fitting parameters.

4.4 Infrared RCLEDs/Hybrid VCSELs

The IR RCLED was grown using molecular beam epitaxy (MBE) by

S. A. Chalmers [19931. The structure consisted of a I, optical cavity active region with

three 3.2 nm thick Gao.71nO3As strained quantum wells, surrounded by 10 nm thick

GaAs barrier layers, in-turn surrounded by AlxGai.xAs, x = 0.2 to 0.4 linearly graded

layers forming a GRINSCH (graded index separate confinement heterostructure) active

region. The Bragg design wavelength was Xo -980 nm. The DBRs consisted of

AlO.1GaO.9As (high index) and AlO.9GaO.IAs (low index) layers, each -19 nm thick, with

a 3 linear segment AlxGal.xAs (graded x = 0.1 to 0.3, x = 0.3 to 0.7, x = 0.7 to 0.9)

intermediate layer. The grading scheme approximates a sinusoid, and results in low series

resistance [Chalmers et al. 1993]. The bottom (n+)DBR is Si-doped to -2 x 1018 cm-3

and has 32.5 periods. The top coupling (p+)DBR is Be-doped to -2 x 1018 cm-3 and has

10 periods, including an -20 nm (n+)GaAs capping layer to reduce the contact resistance.

The growth temperature is -585 *C, except for the GaAs and Gao.7InO.3As active region

layers which are grown at -540 OC. The structure is based on similar IR VCSEL
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structures [Lear et al. 1993], except that the number of top coupling DBR periods is

reduced.

Although the 2 inch (n+)GaAs wafer is rotated during MBE growth, a variation in

layer thickness exists from wafer center toward the edge. The reflectance spectra of the

as-grown IR RCLED at six approximately equally spaced (-3 mm) points from wafer

center toward an edge, are shown in Fig. 4.5. The Fabry-Perot resonance varies from

-985 nm (at wafer center), to -905 nm (toward the wafer edge). Also, it is seen that the

resonance is slightly off from the center of the DBR, toward longer wavelengths,

indicating that the thickness of the optical cavity is slightly long.

Implanted, mesa isolated structures are fabricated as described in Section 4.2. The

electroluminescence (EL) from the RCLEDs at three different points on the wafer are

shown in Fig. 4.6. The linewidth of the EL peaks (-4.5 rm) is equal to the linewidths of

the Fabry-Perot resonance "dips" in Fig. 4.5. The EL peak is most intense when the peak

of the spectral gain from the quantum well is aligned to the cavity mode, and this occurs

at -984 nm. The L-I (power out versus current in) characteristics of the IR RCLED at

-984 nm are shown in Fig. 4.7(a), for devices with optical aperture diameters from 10 to

30 gtm. The power was measured with a 1 x 1 cm2 calibrated Si photodetector placed

-1.5 cm above the given device.

The next step was the deposition of a dielectric X/4 stack to increase the

reflectance of the top DBR (see Subsection 2.4.4). Photoresist, -6 g±m thick, was

patterned around the apertures by using the inverse of the mesa mask, but off-setting the

mask such that part of the top metal contact remained covered in photoresist. Five periods

of Nb20 5 (high index)/SiO2 (low index) were deposited onto the RCLEDs using DC

magnetron sputtering (deposition temperature < 50 0C, such that the photoresist was

unaffected) with in situ reflectance monitoring. (The (LH)5 coating was also deposited

onto a glass (SiO 2) slide during the coating run. From transmission measurements on this
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Fig. 4.5 Reflectance spectra at six approximately equally spaced (-3 mm) points on the
as-grown IR RCLED structure (sample HCI61).
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Fig. 4.6 Electroluminescence of the IR RCLED at three points on a fabricated sample.
The inset shows the location of the measurements.
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Fig. 4.7 L-1 characteristics for (a) an IR RCLED and (b) the same IR RCLED (now an
IR VCSEL) with a five period dielectric stack added to the top DBR.
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monitor sample, the Bragg wavelength of the dielectric DBR was )o = 970.2 nm). The

optical coating was lifted-off, remaining over the optical apertures. For this configuration,

the calculated reflectance at ko, as seen from the optical cavity, was > 0.996. The L-I

characteristics of the now hybrid IR VCSEL are shown in Fig. 4.7(b). The continuous

wave (CW) threshold current was 4 to 6 mA (Jth -2 to 5 kA/cm2 ), and the voltage at

threshold was Vth -1.8 V. The device characteristics, including the maximum output

power of -1 mW, are comparable to those previously reported for similar IR VCSEL

structures [Lei et al. 19911.

4.5 Hybrid AIGaInP/AIGaAs Visible RCLEDs

A hybrid AlGaInP/AlGaAs visible RCLED was grown with an epitaxial structure

as given in Table 3.1 (Chapter 3), except that the bottom Si-doped (-2 x 1018 cm"3)

(n+)DBR had 50 AIGaAs periods, and the top coupling C-doped (-4 x 1018 cm- 3)

(p+)DBR had 10.5 AlGaAs periods. The (n) and (p)AIM0.In0.P )/4 layers adjacent to the

2X thick optical cavity, were doped with Si (-2 x 1018 cm-3) and Mg (-7 x 1017 cm-3),

respectively. Three, 10 nm thick, -Gao.4Ino.56P strained quantum wells were used, with

peak emission at Xo -675 nm (as determined from photoluminescence measurements on

calibration samples). As for the optically pumped experiments described in Section 3.4

and 3.5, the structures were grown without wafer rotation. In order to investigate the

spontaneous emission properties of this structure, the devices were fabricated with top

annulus contacts (Fig. 4.2 inset), but without an ion implant and without mesa etching.

With this geometry, all of the measured EL is filtered through the top DBR. The only

consequence is that the I-V (current-voltage) characteristics of the devices are nonideal,

since the current is not confined but spreads from the top contact in all directions.
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Figure 4.8 shows the normalized EL (solid lines) (constant 10 mA bias current)

and reflectance (dashed lines) at several points across the wafer centerline. (The

measurement is performed with the equipment shown in Fig. 2.7). Each measurement

point corresponds to the listed Fabry-Perot resonances of 620 to 670 nm, in 10 nm steps.

The linewidth of the resonance spectral features is -1.9 nm (5.2 meV). The peak of the

quantum well spectral gain aligns with the Fabry-Perot mode at about ). -675 nm. The

spectral gain varies about 7.5 nm across the wafer centerline (see Fig. 5.5 in Chapter 5).

Enhanced spontaneous emission on resonance is most noticeable at a resonance of

640 nm, where the spectral EL feature at 640 nm has a higher intensity than the spectral

feature at -675 nm. Figure 4.9 shows the calculated spontaneous emission (solid lines) at

resonances of 620, 640, and 660 nm, corresponding to the measured data in Fig. 4.8.

Despite the modeling difficulties discussed above, the calculated spectra are qualitatively

similar to the measured data.

Example EL and reflectance measurements for another set of hybrid visible

RCLEDs, fabricated on an unrotated wafer, are shown in Fig. 4.10. The device structure

is similar to the structure above, except that the top coupling DBR has just 5 periods. The

resonance feature at 640 nm in Fig. 4.10(c) is 1/10 as intense as the resonance feature at

-672 nm in Fig. 4.10(a). The linewidth of the resonc--. features is -4.0 nm (10.8 meV).

The characteristics of a final example hybrid visible RCLED are shown in

Fig. 4.11. This structure is identical to the hybrid visible VCSELs (i.e. sample XD0701C)

described in detail in Section 5.4, except that the top coupling DBR has just 5 periods

(including the 10 nm thick (p+)GaAs cap). The devices are fabricated with the mask set

shown in Fig. 4.1, and include a "proton" implantation step and a mesa isolation etch. The

EL measurements (taken at a constant bias of 10 mA for each device) across the

unrotated wafer centerline are given in Fig. 4.11 (a). For this particular wafer, the peak

quantum well gain aligns with the Fabry-Perot mode at about X0 -660 nm. The L-I
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Fig. 4.8 Measured electroluminescence (solid lines) and reflectance (dashed lines) at
several points across the centerline of a hybrid AIGalnP/AIGaAs visible RCLED
unrotated wafer. The Fabry-Perot resonance wavelength is indicated in each plot. The
peak spectral gain from the quantum well active region, without the DBRs, is
o -675 im.
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Fig. 4.9 Calculated spontaneous emission spectra (solid lines) for the hybrid visible
VCSEL at Fabry-Perot resonances of 620, 640, and 660 nm. The dashed lines are the
quantum well active region gain spectra without the DBRs (equal to IE(6)#2 ).
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Fig. 4.10 Measured reflectance (dashed lines) and electroluminescence (EL) (solid lines)
for an example hybrid visible RCLED with five top coupling DBR periods. The EL
intensity is relative, and increases as the Fabry-Perot mode moves closer into alignment
with the peak of the quantum well spectral gain (at -675 nm).
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Fig. 4.11 (a) Measured electroluminescence at several points across an unrotated wafer,
and (b) L-I characteristics at X0 = 661 nm, for hybrid visible RCLEDs. The device
structure is similar to that given in Table 5.1 (Chapter 5), except that the top coupling
DBR has just five periods (including the (p+)GaAs cap), the DBR interfaces are graded
(-biparabolic), and the GalnP quantum wells and the AIGaInP barrier layers are all 6 nm
thick. The peak spectral gain from the quantum well active region occurs at X0 -660 nm.
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characteristics are shown in Fig. 4.11 (b). The maximum output powers ame comparable to

those in Fig. 4.7 for the IR RCLEDs. However, the curves roll over at lower currents due

most likely to heating effects.

4.6 All-AIGaInP Visible RCLEDs

A schematic cross-section diagram of a fabricated all-AIGaInP visible RCLED

was shown in Fig. 4.2, along with the real refractive index profile in and around the

optical cavity active region. The lattice-matched epitaxial layers were grown by low

pressure MOVPE on (31 l)A oriented (n+) GaAs substrates, with thicknesses

corresponding to a Bragg wavelength (,o) of 670 nm. The bottom Si-doped (-1018 cm-3)

DBR consisted of 60.5 periods of alternating Al 0.5In0.5P (low index) and

(AlO.2GaO.8)0.5lno.5P (high index) X/4 layers. Similarly, the Mg-doped (-1018 cm-3) top

output coupling DBR consisted of 5 periods of alternating (AlyGaI-y)0.sIO.n0P (y = 1.0)

and (AlyGal.y)0JjInO.5P (y = 0.2) A/4 layers, and included 10 nm thick linearly graded

interface regions (1.0 < y < 0.2) to reduce series resistance. The last V.4 layer was a

composite and concluded with 10 nm-thick C-doped (_1019 cm-3 ) Al0.5GaO.5As and

GaAs layers to improve the top ohmic contact. The 2X optical cavity active region

included three 10 nm thick Gao.441no.56P strained quantum wells with y = 0.5 barriers

and y = 0.7 spacer layers doped with Si and Mg adjacent to the DBRs. Additionally, a 10

period (y = 0.0/y = 0.7) multiquantum well barrier (MQWB) electron reflector was

included on the p-side of the optical cavity to increase electron confinement.

The measured reflectance spectrum at normal incidence for the as-grown

all-AlGaInP RCLED is given in Fig. 4.12 (solid curve). A broad reflectance minima at

668.6 nm is the Fabry-Perot cavity resonance. The measured mirror center and the

Fabry-Perot resonance are both within 1% of the target design (670 nm). For comparison,

the reflectance spectrum was calculated (with Xo = 668 nm) by using standard matrix
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Fig. 4.12 Measured (solid line) and calculated (dashed line) reflectance spectra, normal
to the surface, for the as-grown all-AlGaInP visible RCLED at room temperature. The
measured mirror center and Fabry-Perot resonance (at 668.6 nm) are both within 1% of
the target design (670 nm). The calculated spectrum (with Xo = 668 nm) is offset along
the y-axis for clarity.
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methods [MacLeod 19891 and refractive index dispersion curves [Tanaka et al. 19861,

and is also shown in Fig. 4.12 (dashed curve). Absorption is neglected in the calculation

since the y = 0.2 layers in the DBRs should not begin absorbing until ). < 615 run

(~ 2.02 eV).

The EL at room temperature for a typical all-AIGaInP visible RCLED biased with

5 mA CW current is given in Fig. 4.13(a). The corresponding calculated spontaneous

emission spectrum is shown in Fig. 4.13(b). The peak output wavelength was 669.7 nm

with a linewidth of 4.8 nm (13.3 meV). Since the peak wavelength shortens with

increasing angle from the normal, the sampled emission angle was adjusted to find the

longest peak wavelength. This EL was obtained by using a lens that collected the

emission within a 240 solid angle and thus some linewidth spectral broadening, calculated

to be 0.4 nm, was expected. The EL in Fig. 4.13(a) was from a device immediately

adjacent to the nonmetallized area used for the reflectance measurement in Fig. 4.12. The

peak emission and the cavity resonance wavelengths differ by 1.1 nm due to cavity

heating effects [Hasnain etal. 1991]. The inset in Fig. 4.13(a) shows the EL at three

different drive currents. Though the peak wavelength shifts longer as the current

increases, the linewidth remains essentially constant up to 10 mA CW since the emission

spectrum is determined primarily by the cavity parameters.

When designing RCLEDs it is useful to estimate the emission linewidth (AX1/2)

for a given device structure, such as when the reflectance of the coupling mirror is a

variable parameter. The linewidth could be estimated from the width of the Fabry-Perot

resonance dip in Fig. 4.12. Here we have estimated the linewidth with an alternate

approach. The cavity finesse (T) is determined, after calculating the DBR reflectances, by

using Eq. (2.17). The phase penetration length into the DBRs is found analytically

[Babic and Corzine 1992] and added to the optical cavity length to determine a total

effective cavity length (Leff). For a high Q cavity, the linewidth is then given by
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Fig. 4.13 Electroluminescence (EL) spectra of the all-AlGaInP visible RCLED, (a)
measured, and (b) calculated. The inset shows EL spectra at three different current levels.



150

Eq. (2.18) where Akity' = I/Q = X.l(2LffncavV). Figure 4.14 shows a plot of the

calculated linewidth versus the number of top coupling DBR periods for the all-AlGaInP

RCLED structure with three different optical cavity thicknesses. For the current structure

with 5 top DBR periods and a 2X optical cavity thickness, the calculated linewidth is

4.3 nm. This agrees with the measured value in Fig 4.14 (4.8 nm) corrected for the effects

of spectral broadening due to the measurement optics.

4.7 Conclusions

This Chapter has explored the design and spectral characteristics of a new type of

photonic device, the resonant cavity light emitting diode (RCLED). A classical model

was introduced and shown to provide a good, semi-quantitative estimate of the expected

emission spectrum from an arbitrary RCLED structure. Previous studies on the quantum

electrodynamic effects in semiconductor microcavities have concentrated on the

placement of the quantum well(s) in the optical cavity active region and the resulting

enhanced or inhibited spontaneous emission. The studies presented here, however, treated

primarily the effects of misalignment between the quantum well spectral gain and the

microcavity resonance mode. This was accomplished by not rotating the wafers during

MOVPE growth, which resulted in an -50 nm linear shift in the mode wavelength across

the centerline of the wafer (due to an -10% linear variation in the epitaxial layer

thicknesses), while the quantum well peak spectral gain varied by -7.5 nm or less (e.g.

for the hybrid AlGalnP/AlGaAs devices). The spectral characteristics at several points

across the example wafers showed clearly the enhanced spectral intensity for

on-resonance wavelengths. The narrowed linewidth of the emission spectra was

correlated with the design of the given RCLED, and related to the number of top coupling

DBR pairs.
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Fig. 4.14 Calculated linewidth versus number of top coupling A10.51n0.5P/
(Al0.2Ga0.8)0 .5In0.5P DBR periods for an all-AlGaInP visible RCLED with three
different optical cavity thicknesses. The bottom DBR is a 60.5 period high reflector, and
the Bragg wavelength is 670 rim.
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A straight forward extension of the basic RCLED for emission in the visible

(-670 nm) was accomplished by employing AlGalnP optical cavity active regions, and

both AlGaAs and AlGaInP DBRs. With AlGalnP bulk or short period superlattice active

regions, and AlGaInP DBRs, the RCLED emission wavelength is potentially as short as

-560 nm. Because of difficulty in the p-doping of (AlyGaI.y)0.5 In0.5 P with y > 0.7 and

the associated high series resistance (see Subsection 2.6.1), shorter wavelength

(< 630 nm) RCLEDs most likely will have to forgo a top coupling all-semiconductor

DBR, and use instead a thick (3A or more) nonabsorbing phase matching/current

spreading layer, capped with '-)GaAs for contacting to an annulus or similar aperture

metal contact (The GaAs could be selectively etched after depositing the metal, to prevent

absorption of the emitted light). The emission linewidth could then be controlled by

depositing additional dielectric DBRs if desired. The reflectivity of the bottom DBR need

not be -100% (unless a visible VCSEL was the goal), rather, -90% would be adequate.

This would greatly cut-down the number of required bottom DBR periods while still

keeping most of the generated emission away from the absorbing GaAs substrate.

For example, at X0, = 590 nm, 96 periods (-8.2 gm thick) of an (AlO.5GaO.5) 0 .5 I0.5P/

Al 0.5 In0o.P DBR would be required to (theoretically) reach R > 0.9999, while only 30

periods are needed to reach R > 0.93. Further investigations of visible RCLEDs should

concentrate on the measurement/optimization of quantum efficiency, thermal stability,

modulation bandwidth, and on practical applications such as sources for short-distance

plastic optical fiber communication systems.

The visible RCLED has also proven very useful in the development of the visible

vertical cavity surface emitting laser (VCSEL). The as-grown structures served as optical

calibrations for subsequent full top stack VCSEL growths, providing critical information

on the optical cavity thickness, DBR mirror center, and peak spectral gain of the quantum

well active region.
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Chapter 5 Electrically Injected Visible
Vertical Cavity Surface Emitting Lasers

5.1 Introduction

Visible (620 to 690 nm) AlGalnP vertical cavity surface emitting lasers

(VCSELs) are attractive for a number of applications including low cost plastic fiber

communications, optical data storage and retrieval, optical interconnections and

computing, projection displays, distance measurements, holographic memories, medical

diagnostics, replacement of HeNe lasers for barcode scanning, and high resolution

printing, to name just a few. Infrared (IR) VCSEL diodes have been studied for over a

decade [Soda et al. 1979, Iga et al. 1988, Koyama et al. 1989, Lee et al. 1989,

Geels et al. 1991, Hasnain et al. 1991, Baba et al. 1993, Lear et al. 1993]. Arrays of

continuous wave (CW) IR VCSEL diodes emitting at 780 to 1000 nm reached the market

place for the first time last year (1992)t. In contrast, visible AlGaInP VCSEL diodes were

demonstrated for the first time this year (1993). The commercialization of visible

VCSELs requires the development of practical (low cost and robust), high efficiency,

electrically injected devices.

The first electrically injected "shorter wavelength" VCSELs emitted at 770 nm

(deep red) [Lee et al. 19911 and at 699 nm [Tell et al. 1992]. These devices were

fabricated entirely from AlxGal.xAs epitaxial layers (including a GaAs/AlAs short period

superlattice active region) , and hence were limited to emission wavelengths greater than

-695 nm. These devices operated with pulsed current excitation at room temperature, and

tsee page 223, Laser Focus World (May 1992)
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the latter device wa" shown to operate with CW current excitation below -25 *C

[Tell et al. 19931. Visible (-620 to 690 rnm) light emission is more commonly achieved

with AlGaInP quantum well active regions, as described in Appendix A. In fact, the study

of AIGaInP visible edge emitting lasers is currently one of the most active areas in

semiconductor device research [Brueck 1991, Bour 1992a, Hecht 1993].

The first electrically injected visible VCSELs composed of an AIGaInP quantum

well active region were demonstrated on 25 February 1993 and first published in

March 1993 [Lott and Schneider 1993a]. Several key aspects of growth and device design

were published shortly thereafter [Schneider and Lott 1993a]. The devices were

fabricated into an unoptimized, etched post geometry with a top annular contact (called

Quick VCSELs). These prototype devices used A1As/AIO.5Ga0.5As DBRs and operated

with pulsed current excitation at room temperature over the range 639.1 to 660.9 nm. Due

to cavity losses and unoptimized gain layers, gain contributions from the second (n=2)

quantized quantum well state were required to achieve lasing [Lott et al. 1993b]. The

threshold current density was Jth - 4.2 kA/cm 2 for devices with a 20 plm diameter optical

aperture in a 30 ptm diameter mesa, and the maximum pulsed output power was 3.38 mW

at a wavelength of -650 nm. (For Quick visible VCSELs made from the same material as

above, but with 10 gtm apertures in 20 g m mesas, with pulsed current excitation of 100 ns

at 10 Its, at room temperature, the lasing range was 635.7 to 666.9 nm).

Subsequently, several design improvements were implemented to reduce the

cavity losses and increase the available gain. The second round of Quick visible VCSELs,

with 10 gtm diameter optical apertures in a 20 pm diameter mesa, operated at room

temperature with pulsed excitation over the very broad range of 629.6 to 691.4 nm

[Lott et al. 1993d]. The devices with lasing wavelength above -665 nm operated

primarily with gain contributions from the first (n=l) quantized quantum well state. In

contrast, the devices with lasing wavelength below -665 nm operated with gain
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contributions from both the n=1 and the n=2 quantized quantum well state. Room

temperature CW operation was achieved for devices with a 5 pm diameter optical

aperture in a 15 pm diameter mesa with emission at -670 nm and with Jth -2.8 kA/cm2

[Lot et al. 1993d]. The same material, when fabricated into conventional ion implanted

top surface emitting devices, operated CW at room temperature with Jgh -2 kA/cm 2 at

Vth -3 V, with a maximum output power of-0.5 mW.

This Chapter presents the fabrication, characterization, and analysis of electrically

injected visible VCSELs with an AlGaInP optical cavity active region and AIGaAs

DBRs. The results are significant in that: 1) they include the first demonstration of

electrically injected visible VCSELs with an AIGaInP optical cavity active region;

2) they include the first observation and analysis of lasing with contributions from the

n=2 quantum well transition in electrically injected VCSELs at any wavelength; and 3)

they include the first demonstration of room temperature CW operation of electrically

injected visible VCSELs.

This Chapter is organized as follows. Section 5.2 overviews the fabrication

sequences for the visible VCSELs. Next, Section 5.3 presents the results from the initial

set of prototype devices, where lasing was achieved for the first time in visible VCSEL

diodes. It is shown that lasing was achieved with significant gain contributions from the

n=2 quantum well state. Section 5.4 presents the results from the much improved second

round of devices which incorporated several design changes to improve device

performance. (These changes were based on the lessons learned from the first round of

devices). For the second round devices, lasing is achieved primarily with gain

contributions from the n=1 quantum well state with much reduced threshold currents. In

Section 5.5, the characteristics and analysis of the first room temperature CW visible

VCSEL diodes are presented. Finally, Section 5.6 contains the Chapter conclusions.
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5.2 Device Fabrication

The visible VCSELs were fabricated using one of two different fabrication

sequences, both of which result in top surface emitting devices. The first fabrication

sequence is the Quick VCSEL process. This process was developed to quickly fabricate

devices to characterize VCSEL epitaxial material. This process takes -8 to 12 continuous

hours to complete, and results in etched post test devices with annular top contacts. The

second processing sequence is more elaborate and involves a high energy ion

implantation step. This process takes -24 to 40 continuous hours to complete, and is

based on previous research on similar top emitting IR VCSELs [Lee et al. 1990,

Orenstein et al. 19901.

A cut-away schematic diagram of a completed Quick visible VCSEL test device

is shown in Fig. 5.1. The device is fabricated as follows. First, top p-type annular contacts

are placed onto the surface by using a standard photoresist lift-off technique. The metal is

-30 nm of Ti, followed by -270 nm of Au (thus a Schottky tunnel contact is formed).

The outer diameters of the annular contacts vary from 10 up to 60 rLm, while the inner

diameters, which define the optical apertures, vary from 2 to 50 p~n. The next two steps

are performed in either order. The annular contacts are masked with photoresist and

circular mesas are etched down to the top of the AlGaInP optical cavity active region

using either BCI3 or a combination of BC13 antl '12 in a reactive ion etching system. The

plasma selectively etches the AlGaAs DBRs, stopping on the AlGaInP. Next, n-type

metal (Ge -20 nm/ Au -50 nm/ Ni -10 nm/ Au -300 nm) is deposited onto the back

surface by electron beam evaporation. Finally, the metal contacts are annealed at -400 *C

for 30 seconds.

For device operation, hole current is injected from the top annular contact down

through the DBR and into the quantum well active region, while electron current is
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Fig. 5.1 Quick visible VCSELs. (a) Schematic diagram and, (b) and (c) scanning
electron micrographs. In (b), the diameter of the optical aperture/mesa is 20/30 gim. In
(c), the diameter of the optical aperture/ mesa is 3/10 gim.
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injected through the bottom DBR stack and into the quantum wells. The hole current is

restricted by the etched post, which isolates the individual devices. Once into the

AlGaInP optical cavity, some of the current spreads outward and is essentially wasted.

Gain guided lasing is achieved by filling to inversion, the entire quantum well area

beneath the etched post. Although not an optimum VCSEL geometry, especially for thick

optical cavities, Quick VCSELs have proven very useful for the initial characterization of

the visible VCSEL epitaxial structures. Furthermore, several significant aspects of visible

VCSEL performance (including the underlying device physics) have been ascertained

from Quick VCSELs, as is demonstrated in the Sections that follow.

A cut-away schematic diagram of a completed ion implanted visible VCSEL is

shown in Fig. 5.2. The device is fabricated as follows. Top square or rectangular contact

pads are defined by photoresist lift-off. The metal, evaporated by electron beam, is 30 nm

Ti, followed by 70 to 170 nm Au. Within the metal contacts are circular openings (optical

apertures) with diameters of 12 gim (square contact), or 10, 15, 20, or 30 tLm (rectangular

contact). Next, thick (6 to 8 g~m thick) photoresist dots are patterned over the apertures to

serve as ion implant masks. Hydrogen ions ("protons") are implanted through the top

metal contact deep into the structure. Typical doses of -1 to 5 x 1014 cm-3 are used, at an

accelerating potential of 350 to 420 keV. (The peak implant depth is -lpIm/100 keV in

the AIGaAs DBR). The peak range of the implant is slightly above the top AIGaAs

DBR/AlGaInP optical cavity heterointerface, typically 3 to 4 gtm from the surface

depending on the number of DBRs (one DBR period is -100 nm thick). The protons

create areas of high resistivity in the AIGaAs , forcing current to flow in a funnel path

from the top contact down through the unimplanted regions beneath the optical apertures.

The protons also produce regions of minor damage beneath the top contact. This injection

scheme is more efficient than that for the Quick VCSELs, since only the quantum well

area beneath the aperture must be inverted to achieve lasing. Protons do not create high
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Fig. 5.2 Schematic diagram of an ion implanted visible VCSEL.
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resistivity regions in the AlGaInP [Zolper et al. 19931. Thus, it is not beneficial to place

the peak of the implant in the AIGalnP optical cavity, and consequently a small fraction

of injected current spreads out in the AIGaInP layers beneath the AIGaAs DBR and does

not contribute directly to lasing. However, the lateral current spreading is minimal due to

the relatively high resistivity of the (p)Al0.sIn0.sP. While implanted oxygen (or argon)

effectively increases the resistance of doped AIGaInP, it is not possible to implant this

specie more than -l1.±x from the surface because of its size. Mesa isolation is achieved,

as for the Quick visible VCSELs above, either with a plasma etch, or with a wet chemical

etch using H3P0 4 :H20 2 :H20.

Many other device geometries are possible. One example is the bottom emitting

device where an etched post or ion implant define the device size, as above, except that

the metal contact to the top DBR is a solid circle. This metal contact is part of the DBR

reflector and fewer DBR periods are needed to obtain an equivalent reflectance.

Additionally, the current is uniformly injected and current spreading is much less of a

factor. For the visible VCSELs, bottom emitters are possible except that the substrate

must be removed since it will absorb visible radiation. Another possibility is a composite

device, where part or all, of one or both of the DBRs are composed of dielectric quarter

wave stacks, as described in Section 2.4.3.

5.3 Operation with Gain Contributions from the n=2 Quantum Well

State

The first round of studies on visible VCSEL diodes were based on the hybrid

optically pumped structures described in Chapter 3. This took advantage of the many

growth and fabrication refinements already developed for GalnAs and GaAs quantum

well near infrared (IR) VCSELs, which use similar AlAs/GaAs and AlAs/AlxGal.xAs

(x -0.15) DBRs, respectively. The development of visible VCSEL diodes required
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extensive optical studies of AlGaInP quantum well active regions, and of doping in both

AlGaInP optical cavities and in AIGaAs DBRs. These studies were performed in concert

with the VCSEL design issues discussed in Chapter 2, and with the limitations imposed

by the state-of-the-art metalorganic vapor phase epitaxy (MOVPE) growth technology.

Initially, the injection conditions present in visible VCSELs were studied by

characterizing conventional strained quantum well AIGaInP visible edge-emitting lasers,

but with variable AlO.5InO. 5P cladding layer thickness. Also, these conventional cladding

layers were surrounded in-turn with additional AIAs/Al0 5.GaO.5As DBR "cladding" layers

[Schneider and Lott 1993]. This study revealed that improved carrier injection efficiency

resulted from the use of an extended 8A optical cavity, consisting of cladding (doped) 3A-

thick AlO.5 ln0.5P spacer layers surrounding a (undoped) 2X-thick quantum well active

region. This 8X thick optical cavity was in-turn surrounded by the AlGaAs DBRs. These

results were incorporated into the first successful visible VCSEL diodes.

Compared to AIGaAs infrared (IR) edge-emitting lasers, AlGaInP lasers have

higher threshold current density (Jth), and smaller characteristic temperature. This is

attributed to intrinsic material parameters such as small energy band offsets (thus reduced

carrier confinement), high effective masses (thus increased transparency carrier density),

and difficulty in the p-doping of AllnP alloys. Shorter wavelength operation, achieved for

example by adding Al to the GalnP quantum well(s), by increasing the Ga/In ratio

(biaxial tension), or by reducing the well thickness, further reduces the carrier

confinement [Bour 1992b, 1993].

Similar trends are expected for quantum well AlGaInP VCSELs, where cavity

heating effects compound the carrier leakage problem and lead to a reduction in the

available gain at a given current density. Moreover, cavity and distributed Bragg reflector

(DBR) losses (i.e. free carrier absorption) could increase the amount of gain requif d to

reach threshold, to a point where the available gain from the first quantized state (n=l) is
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insufficient to overcome the losses, even at high injected carrier densities. To achieve

lasing in this case, the available gain must be increased for example by increasing the

number of quantum wells in the active region. An alternate solution is to operate at

shorter wavelengths with gain contributions from the second quantized state (n=2), where

the maximum available gain is higher due to a higher joint optical density of states.

The growth list for a visible VCSEL with an extended 8X thick optical cavity, is

given in Table 5.1. The lattice-matched epitaxial layers are grown by MOVPE on (100)

(n+) GaAs substrates misoriented 60 toward the nearest <11 l>A. The growth conditions

Table 5.1 MOVPE Growth List for Hybrid Visible VCSEL Sample XD0222B

-Thickness (A) Material -Index -Thickness (A) Material -index

100.0 (p+)GaAs 3.83-0. 194 continued
308.9 (p+)Alo.5Ga0.5As 3.541 200.0 (AIO.4G0.3)0.5InO.5P 3.450

200.0 (A10.5Ga0 3)0 .5In 0.5P 3.413
(repeat) 200.0 (Ali.6Ga03)051InO.sP 3.378

100.0 (p+)AIO.75GaO.25As 3.299 1066.3 (AI0.7Ga0_3)0_5InO.sP 3.345
416.3 (p+)AIAs 3.111 5988.9 (n)Al0.5InO.5P (3X spacer) 3.256
100.0 (P+)AIO.75GaO.25As 3.299
365.7 (p+)AIo.5Ga0.5As 3.541 469.3 (n+)AIAs 3.111

x 35 100.0 (n+)Alo.75GaO.25As 3.299

100.0 (p+)AI0.75Gao.25As 3.299 (repeat)
469.3 (p+)AIAs 3.111 365.7 (n+)AI0.5Gao.sAs 3.541

100.0 (n+)A1O.75GaO.25As 3.299
5988.9 (p)A]0.51nO.5P (3X spacer) 3.256 416.3 (n+)AIAs 3.111
1066.3 (Al0.7GaO. 3 )0 .51n0 _3 P 3.345 100.0 (n+)A10.75GaO.25As 3.299
200.0 (Al0.6Gao.3)0.5lno.sP 3.378 x 54
200.0 (AIO_5GaO.3)0.sInO.5P 3.413
200.0 (AlO.4 GaO.3 )0.51no_5P 3.450 365.7 (n+)AI0 .5Ga0 .5 As 3.541

100.0 (n+)A10 .7 5Ga0 .2 5 As 3.299
(repeat) 416.3 (n+)AIAs 3.111

100.0 Ga0.a41no.56P (SQW) 3.622 50.0 (n+)Alo.75GaO.25As 3.299
100.0 (AlO.4GaO.3 )0.5ln0.5P 3.450 5000 (n+)GaAs 3.83-i0.194

x 2 substrate (n+) GaAs (100) 60 3.83-i0.194

100.0 GaO.4InO.5 6P (SQW) 3.622 Bragg wavelength X = 650 tn
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are similar to those previously reported [Schneider et al. 1992a, 1992b]. The structures

consist of a strained quantum well (AlyGaj.y)0.lnO.5P optical cavity active region

surrounded by AIAs/AIO.5GaO.5As DBRs. The bottom Si-doped (-2x10 1 8 cm"3) DBR

consists of 55.5 periods of alternating AlAs and AlO.5GaO.5As quarter-wave layers with

10 nrm thick A1O.75GaO.25As barrier reduction layers at each interface. An identical 36

period C-doped (-4x 1018 cm"3) top output-coupling DBR is used and concludes with a

10 rm thick (p+) (-7xl01 9 cm-3) GaAs layer to reduce contact resistance. An 8X-thick

(AlyGal.y)0.5lnO.5P optical cavity contains three 10 nm thick Gao.4Ino.6P

compressively strained (-0.56%) quantum wells in a step graded-barrier separate

confinement heterostructure (SCH). Surrounding the wells are y = 0.4 barrier layers,

stepped to y = 0.7 in 0.1 increments. This portion of the active region has a 2X optical

thickness. The remaining optical cavity consists of 3A thick Mg-doped (-6-8x1017 cr- 3)

and Si-doped (-2x1018 cm-3 ) AlO. 5InO.5P spacer layers on the n-side and p-side,

respectively.

The calculated reflectance and reflectivity phase spectra (at )o = 650 rim) for the

hybrid visible VCSEL structure at normal incidence are shown in Fig. 5.3. The primary

Fabry-Perot resonance occurs at -650 nm, while other cavity resonances occur near

626.8, 631.4, 668.6, and 673.6 nm. As described in Chapter 2, a resonance occurs

when the optical cavity round trip phase is 2n. To further illustrate this point, Fig. 5.4

is a high resolution (calculated) plot of the reflectance and reflectivity phase spectra at

(a) -650 nm (defined here as a primary Fabry-Perot resonance or mode) (b) -668.6 nm

(defined here as a secondary Fabry-Perot resonance or mode), and (c) -673.7 nm (defined

here as a natural resonance or mode) for the structure in Table 5.2 at normal incidence.

Since the plots are the reflectivity of the entire structure, a 2xr round trip phase

corresponds to the wavelengths in Fig. 5.4, where the reflectivity phase equals zero. A 21t

round trip phase at -649.97 nm occurs since the reflectivity phase of the DBR mirrors are
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Fig. 5.3 Calculated (a) reflectance and (b) reflectivity phase for the hybrid visible
VCSEL in Table 5.1. The free spectral range (FSR) is indicated.



168

1.0 x..

X

0

us x/2 =

(a I E-... o..

649.960 649.965 649.970 649.975 649.980
WAVELENGTH (nm)

1.0 X

UU
IUj0.7 8-

0.6 S"

(a) i° -x/

649..60 6,9.0 --

U1 0.4
w *

0056

O.O -x/2Uj

0.6 0b U

668.4 668.5 666.6 666.7 668.8

0.7 - 0

u, 0.6 .x/2•

z 0.3

0.4- . 0
-J 0.3 .. "
Ui 0.2 -- x /2 wi-U-

cc U.0.1 (c)u
0.0 M * * * * -

673 673.4 673.8 674.2 674.6 675
WAVELENGTH (nm)
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plots of Fig. 5.3).
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each x, and the optical cavity is exactly 8Xo thick. (The slight deviation from 650.0 nm is

due to the precision of the layer thicknesses used in the matrix calculation). In contrast at

668.6 nm, the reflectivity phase of the top and bottom DBRs, as seen from the optical

cavity, are 1.347 and 1.408 radian, respectively. The optical cavity thickness is -7.72Ao,

and the phase due to propagation through the cavity is -1.763 radian. The total round trip

phase is thus 2(1.763) + 1.347 + 1.408 - 2,x. At 668.6 nm, the reflectivity phase of the top

and bottom DBRs, as seen from the optical cavity, are 0.0175 and 1.737 radian,

respectively. The optical cavity thickness is -7. 6 4 ,o, and the phase due to

propagation through the cavity is -2.262 radian. The total round trip phase is thus

2(2.262) + 0.0175 + 1.737 - 2n.

As discussed for the hybrid optically pumped structure in Section 3.4, the VCSEL

wafers (2 inch diameter) are not rotated during growth, resulting in an -10% variation in

centerline layer thickness. Thus, the Fabry-Perot resonance changes with wafer position

as in Figs 2.18, 3.4, and 3.11. Despite this, the active region peak spectral gain changes

by less than 7.5 nm from front to back along the wafer centerline. (In contrast for rotated

wafers, the variation is < 3 nm). Figure 5.5 is a plot of the room temperature PL from an

unrotated optical cavity active region calibration wafer. The calibration wafer consists of

the structure in Table 5.1, except without the bottom and top DBRs. Note that the

"design" emission wavelength for the quantum well active region in Fig. 5.5 is -670 nm.

This corresponds to the n=1 (el to hhl) quantum well transition.

The variation of the PL peak spectral gain is primarily a result of a larger decrease

in In incorporation, compared to Ga, when moving from front to back along the wafer

centerline. This is a fundamental characteristic of the MOVPE growth process. As a

result, the compressive quantum well strain is lower near the back of the wafer and

increases toward the front. The energy bandgap of the quantum well layers

correspondingly increases when moving from the front toward the back. The small
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Fig. 5.5 Photoluminescence (PL) spectra at several points on an unrotated, strained
quantum well, optical cavity active region calibration wafer. (The structure is given in
Table 5.1, except without the top and bottom DBRs).
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thickness variation in the quantum wells also results in a blue-shift of the PL emission

peak when moving from front to back, but this shift is much smaller than that due to the

compositional variation. The net result of the thickness and compositional variation is a

large range of possible lasing emission wavelengths. Figure 5.6 is a schematic plot of the

Fabry-Perot resonance wavelength across wafer XD0222B, where the resonance is at

-670 nm at wafer center. Also shown is the range of peak transition wavelengths at the

peak of the n=l and n=2 quantum well transitions, roughly corresponding to the PL data

in Fig. 5.5.

The measured reflectance spectra from two points () 650, and 670 nm) for the

hybrid visible VCSEL structure, are given in Fig. 5.7(a). The resonant features described

in the reflectance calculation (Fig. 5.3) above are difficult to locate, due primarily to the

resolution of the measurement system. Additionally, the structures deviate from the exact

thickness and compositions listed in Table 5.1 due to natural growth fluctuations. Thus,

the measured reflectance spectra will not precisely mimic the calculated spectra. In spite

of this, the primary Fabry-Perot mode is present as shown (0'F-p). Also, the secondary

Fabry-Perot mode and the natural mode, defined above, are located to the right (toward

longer wavelengths) of the primary Fabry-Perot mode, between the edge of the high

reflectance zone and the hunchback feature.

Quick visible VCSELs were fabricated as described in Section 5.3, with the

backside metal deposited before the mesa etch. Prior to the mesa etch step, the room

temperature electroluminescence (EL) was sampled from several equally-spaced devices

at a constant low bias current (-10 mA). An example (normalized intensity) EL spectra is

given in Fig. 5.7(b), along with the reflectance (normal incidence) at the same point on

the wafer. The EL measurement system is described in Subsection 2.4.1 (Fig. 2.7). The

EL spectra contains spikes corresponding to the primary Fabry-Perot mode, and to the

secondary mode on the long wavelength side. The EL spectra at several equally spaced
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Fig. 5.7 (a) Measured reflectance at X0 - 650 and 670 nmn for the hybrid visible VCSEL
structure, and (b) reflectance (dotted line) and electrolumninescence (solid line) for a
fabricated Quick visible VCSEL prior to the mesa etch step.
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points across the wafer are given in Fig. 5.8. Because the top DBR is still fully in place,

all of the measured emission spectra consists of filtered/enhanced spontaneous emission,

and can be modeled by using the wave interference model described in Section 4.3

(Chapter 4). In the botton spectrum in Fig. 5.8, the primary Fabry-Perot resonance is at

-690 nm and the secondary Fabry-Perot resonance is at -710 nm. Figure 5.9 is a plot of

the Fabry-Perot resonance peak spectral features, taken at several equally-spaced points,

across the sample. The emission intensity goes through a peak at -670 nm, corresponding

to the n=1 optical gain peak of the quantum well active region. (Note that the envelope of

the resonance peaks correlates to the quantum well spectral gain, with the maximum

intensity roughly at the n=1 gain peak (as for a PL measurement of the active region).

Using pulsed excitation at room temperature and without heat sinking, lasing

wavelengths from 639.1 nm to 660.7 nm are measured (sample XD0222B). As for the

optically pumped structures described in Chapter 3, lasing is achieved with significant

gain contributions from the n=2 quantum well state. The pulsed excitation is -200 ns

pulses at a period of I lis. Many devices continue to lase with up to a 40% duty cycle at a

1 g±s period. The 20 gIm diameter devices (in a 30 gtm diameter mesa) typically have a

threshold current (Ith) of 30 mA (Jth -4.2 kA/cm2 ) at 2.7 V with a resistance of -15 at

> 1.5 Ith. This low resistance is due to the small energy band offsets within the DBR, the

heavy doping, and the large number of DBR periods allowing uniform current spreading.

Lasing spectra below (0.9 Ith), at (1.0 Ith), and just above (1.1 Ith) current threshold for a

device emitting at 650.4 nm are shown in Fig. 5.10. A red-shift in the emission

wavelength occurs with increasing current due to heating effects. The side peak at

667 nm is due to EL escaping through the top DBR at the secondary Fabry-Perot

resonance. A bump near 644 nm below threshold is EL escaping from the sides of the

etched post, and corresponds to gain contributed from the n=2 quantum well transition.
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Fig. 5.8 Electroluminescence spectra for fabricated Quick visible VCSELs, prior to the
mesa etch step, at several equally spaced points across the hybrid visible VCSEL wafer.
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Fig. 5.9 Electroluminescence spectra corresponding to the Fabry-Perot resonances at
several equally spaced points across the hybrid visible VCSEL wafer. The measurements
were performed on Quick visible VCSELs prior to the mesa etch step (see Figs 5.7 and
5.8), with a direct current bias of -10 mA. The envelope of the resonance peaks correlates
to the quantum well spectral gain, with the maximum intensity roughly at the n=l gain
peak.
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A light-current (L-I) characteristic for a device with a 20 gm optical aperture,

emitting at -650 nm, is shown in Fig. 5.11. A distinct threshold is seen at about 30 mA.

The differential slope efficiency is 6% just past threshold and the external quantum

efficiency is 1.8% at 80 mA. The maximum peak output power is limited to 3.38 mW due

to thermal roll-over. The inset in Fig. 5.11 is the measured far-field intensity (fit to a

Gaussian distribution) at 70 mA and a divergence (full angle) of 6.50 is indicated. The far

field (full angle) angular divergence is expected to be = Xo/d -1.9', where d = 20 Jim is

the aperture diameter [Saleh and Teich 1991]. The discrepancy is partially due to a

thermal lensing effect [Hasnain et al. 1991], where only the central area of the aperture is

lasing. This effectively reduces the diameter of the optical aperture and thus increases the

angular divergence of the Gaussian emission.

Lasing does not occur above a wavelength of -661 nm (for the given pulse

conditions and device size). This may be due to high cavity losses, such that the gain

provided at n=1 (i.e. gain contributed from the n=1 quantized quantum well state) is

insufficient for lasing. Indeed, devices identical to those described above but with two

quantum wells (thus lower gain) in the active region did not lase at any wavelength.

While the high doping and relatively small band offsets in the DBRs lead to a low

series resistance (-15 12 above threshold), the small refractive index differential

(i.e. An/n = 13% at 4, = 650 nm) results in deep penetration of the standing wave into the

DBRs. This increases the effective cavity length [Babic and Corzine 19921 and results in

higher losses. Moreover, it is uncertain how much loss is associated with the

AlAs-A10 .5In0 .5P heterointerfaces (i.e. where a change in column V element occurs)

which reside at the critical optical cavity/DBR boundary in the present design. In

contrast, the data on similar undoped optically pumped structures in Chapter 3 suggests

that the 10 nm thick quantum wells used in the present study are not optimized for

maximum utilization of gain, especially at shorter emission wavelengths. Calculations of
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the longitudinal confinement factor (see Table 2.6) reveal that thinner (-6 to 8 nm)

quantum wells spaced closer together should result in a reduced threshold and higher

optical gain, for equal total gain length.

Insight into the operation of the visible VCSELs can be obtained by examining

"n=2 lasing" in quantum well edge-emitter lasers [Holonyak et al. 1980,

Mittlestein et al. 1986]. At threshold, the round trip gain equals the round trip loss,

gth = 1/1[a + (1/L)ln(l/R)], where gth is the gain threshold, r is the confinement factor,

a is the cavity loss, L is the length, and R is the facet reflectance. For small oa, gut is

selected by varying L. For short length devices, the gth exceeds the gain available from

the first quantized state, and gain contributions from the second quantized state are

required for lasing. At intermediate L, it is possible to achieve lasing at first n=l

(i.e. lasing due primarily to gain contributions from the n=1 quantized quantum well

state, since n-2 contributions, however small, are always present), then &3 the injected

current density increases (filling higher lying subbands), at n=2. In our conventional

broad area stripe geometry, gain guided red edge-emitting lasers (single strained

-Gao.44Ino.56P quantum well with (AIO.4GaO.6)0.51n0. 5P barriers and -l l.m thick AlInP

cladding layers, capped with (p+)GaAs, and grown on (n+)GaAs substrates), lasing

occurs only at n=l for L > 300 g~m (Jh -200 A/cm2) due to gain saturation and heating.

Figure 5.12 is a plot of the electroluminescence sampled from the top of an AlGaInP red

edge-emitter with a 50 jim x 250 jim stripe. Multimode lasing first occurs near 680 nm,

then blue-shifts to near 660 nm when the peak gain from n=2 exceeds that at n=1 (see

Figs 2.33 and 2.34 in Chapter 2). For L < 200 •jm, lasing is achieved only at n=2.

Figure 5.13(a) is a plot of the threshold current versus lasing wavelength for

several Quick visible VCSELs across sample XD0222B. The devices have an optical

aperture diameter of 10 gim, in a mesa diameter of 20 pim. The room temperature current

excitation is 100 ns pulses at a repetition rate of 10 pts (i.e. 1% duty cycle). A low duty
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Fig. 5.12 Electroluminescence sampled from the top of a 50 gm x 250 gm broad area,
stripe geometry, AIGaInP visible edge-emitting laser. Multimode lasing at the n=1 gain
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room temperature pulsed current excitation is 100 ns pulses at 1.0 pis.
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cycle is used for the pulsed excitation to minimize heating effects. It is clear that the

threshold minimum is at -650 nm. The -parabolic shape of the curve is qualitatively

similar to the shape of the curves in Figs 3.6 and 3.13(a), and a similar "n=2" lasing

argument applies. This is especially true since it was proven in Fig. 5.9 that the n=1 gain

peak occurs at -670 nm.

Figure 5.13(b) shows the same threshold current versus wavelength data, along

with two estimated (and normalized to remove the units) quantum well gain curves where

the n=2 gain peak coincides with -650 nm. The gain curves are calculated by using the

semi-quantitative gain model in Appendix D. The top gain curve, relative to the lower

gain curve, represents increased injected carrier density in the quantum wells. If the gain

at -665 to 670 nm is high enough for lasing, the lowest threshold current (Ith) should

occur at this wavelength corresponding to the n=1 transition. For the visible VCSELs

however, the lowest Ith is near -650 nm, and the Ith increases elsewhere. This suggests

that lasing occurs in and around the n=2 gain peak. (Lasing is not strictly "at n=2", but

rather occurs due to gain contributions from the n=2 state. This is most noticeable at

wavelengths > 660 nm in 5.13(b)). The small -20 nm separation between n=l and n=2 is

a consequence of the small band offsets and the large effective masses of the

(AlyGai.y)0.sIn0.sP quantum well system. For an analogous GaAs/AIGaAs quantum well,

the separation is larger at 50 to 60 nm.

5.4 Operation with Gain Contributions Primarily from the n=1

Quantum Well State

The second round of visible VCSELs are similar to those in Section 5.3. Several

design improvements were made, however, based on the experimental results from the

optically pumped structures (in Chapter 3) and the first round of diodes (in Section 5.4).

First, the thickness of the quantum wells and separation layers in the optical cavity active
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region were decreased (6 or 8 nm rather than 10 nm) to improve the overlap between the

standing wave and the gain layers, and to reduce the threshold current. Due to the thinner

quantum wells and corresponding blue shift in the peak spectral gain, the design

wavelength (Xo) was decreased to -665 nm. Second, the doping density in the (p)AIGaAs

DBR was decreased to reduce losses associated with free carrier absorption. Third, the

AlxGaI.xAs DBR heterointerfaces were compositionally graded (-biparabolic from

x = 1.0 to 0.75, then x = 0.75 to 0.50, and vice versa) to help reduce the series resistance,

while counter balancing the reduced p-doping in the DBR which increases the series

resistance.

The structures were grown by MOVPE without wafer rotation as before. The

bottom Si-doped (n)DBR (2 x 1018 cm-3 ) consists of 55.5 periods of alternating

0.15X-thick AlAs and AlxGaI.xAs x = 0.5 layers with 0.1X-thick x = 1.0 to 0.5

continuous parabolic graded layers at each interface (samples XD0623E and XD0624B

have the original step grade as in Table 5.1, while samples XDO630C and XD0701C have

the -biparabolic grade). The top output-coupling C-doped (p)DBR is identical, with 36

periods. The C-doping, -2 x 1018 cm-3, is one-half the value for the round 1 devices.

Additionally (for samples XD0630C and XD0701C), the C-doping is reduced to

-5 to 10 x 1017 cm-3 in the 5 (p)DBR periods adjacent to the optical cavity, and increased

to -0.5 to 2 x 1020 cm-3 in the uppermost 2 DBRs periods (the last AI0.5Ga 0.5As 1/4 layer

is a composite, and includes a 10 nm thick (p+)GaAs layer). The 8X-thick AlGaInP

optical cavity active region contains three 6 nm-thick (x -0.57, e -0.65%) or 8 nm-thick

(x -0.55, c -0.49%) Gal.xlnxP compressively strained quantum wells, separated by

6 nm-thick (AlO.5GaO.5)0.SInO.5P barrier layers, in a step graded-barrier separate

confinement heterostructure (SCH) (sample XD0623E has 4 quantum wells). Just prior to

the VCSEL growth, an optical cavity active region calibration sample was grown without

the DBRs. The peak room temperature photoluminescence emission wavelength was



185

-665 nm. Figure 5.14 shows the measured reflectance spectra for (a) sample XD0624B

and (b) sample XD0701C, near wafer center.

Etched post Quick VCSEL test devices were fabricated as before, on strips

cleaved from the 2 inch diameter wafers. The strips ran from one side of the wafer to the

other, along the wafer centerline. Figure 5.15 is a plot of the threshold current versus

lasing wavelength under pulsed excitation (100 ns pulses at a 1 gs period) at room

temperature (without heat sinking) for (a) samples XD0623E and XD0624B, and

(b) samples XD0630C and XD0701C, for several devices positioned across the wafer

strips. The devices had 10 gm diameter optical apertures in a 20 pim diameter mesa. The

threshold current minima correlate well to the peak of the room temperature PL

(-665 nm) measured on the active region calibration sample, allowing for a small

red-shift due to heating. Additionally, the threshold minima correlate to lasing at the n=1

quantum well transition, in contrast to the results in Section 5.4. Lasing at wavelengths

shorter than -665 nm was achieved as before, with gain contributions from the n=2

quantum well state. Table 5.2 is a performance comparison of the hybrid visible VCSEL

diodes.

In Fig. 5.15(a), the threshold current is higher for sample XD0623E (with four

8 nm thick quantum wells), as compared to sample XD0624B (with three 8 nm thick

quantum wells). This is because the larger number of wells require a larger injected

carrier density to reach threshold. In contrast, the threshold current is about equal for

sample XD0630C (with three 8 nm thick quantum wells), as compared to samiple

XD0701C (with three 6 nm thick quantum wells), except at > 670 nm. In all samples, the

long wavelength cut-off occurs at the edge of the wafer, so it was not possible to test for

lasing at longer wavelengths. For this reason, a growth adjustment was made for the latter

two samples (in Fig. 5.15(b)), such that the -665 nm Fabry-Perot resonance occurred at

wafer center.
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Fig. 5.14 Measured reflectance spectra near wafer center for (a) sample XD0624B, and
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Table 5.2 Comparison of Hybrid Visible VCSEL Diodes
Sample DBR Quantum Wells Pulsed Thickness I1h (mA) at

Number top/boUmn number/thickness Lasing Range of the -wavelength (uan)
Gal-xInxP low to high (urm) Optical Cavity

Round Number 1:

XD0222B 36/55.5 3/10 nm 639 to 661V, I 8X 30
x - 0.56 647.3

XD0223A 36/55.5 2/10 un no lase 8) 00
x - 0.56 none

XDO310A§ 36/55.5 3/10 un 646.0 to 664.11 10o 24
x - 0.56 656.2

XD0310B§ 36/55.5 3/10 un 655.2 to 662.81 4X. 32
x - 0.56 659.0

XD0310C 36/55.5 3/10 un 643.3 to 663.61 8X 32

x - 0.56 650.0

Round Number 2:

XD0623E 1  36/55.5 4/8 nm 648.6 to 662.4t 8X, 9.8
x - 0.55 66O.4t

XD0624B1  36/55.5 3/8 nm 642.6 to 667.3t 8ax 9.7
x - 0.55 665.3

XD0630C 1, 2  36/55.5 3/8 nm 637.4 to 680.9t 8X, 9.0
x - 0.55 664.6

XD)701C 1, 2  36/55.5 3/6nm 629.6 to 691.At  8X 10.7
x - 0.57 662

Wafers are not rotated during MOVPE growth;
Devices are Quick visible VCSELs with a 10 pm diameter optical aperture in a 20 pm diameter mesa;
Structures grown on (100) (n+) GaAs substrates, misoriented 60 toward the nearest <11 1>A;
Room Temperature (-300K) pulsed current excitation, 10 ns to 100 ns pulses at 100 ns to I ps period;
¥: Quick visible VCSELs with a 20 pm diameter optical aperture in a 30 pm diameter mesa;
§: grown on a (311)A (n+) GaAs substrate
t: long wavelength cut-off occurs at the edge of Mie wafer;
1: Lasing only with n=2 gain contributions;
1: reduced p-doping in the DBRs (cut in half to -2 x 1018 cm-3) to reduce free carrier absorption;
2: -biparabolic graded DBRs
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For the 10 gtm aperture devices from wafer XD0701C, lasing is achieved at up to

a 70% duty cycle (700 ns pulses at 1 jis) from -660 to 670 nm. This decreases to a 10 %

duty cycle at 642.3 nm due to heating effects. Lasing was achieved down to 629.6 nm by

using 10 ns pulses at a period of 100 ns. As mentioned above, the long wavelength cut-

off at 691.4 nm occurred at the edge of the wafer. For devices with 20 and 40 iLm optical

apertures emitting near 665 nm with pulsed excitation (100 ns at I jis), the maximum

peak output power was 3 and 7 mW, respectively, while the maximum duty cycle was 50

and 40%, respectively.

The shape of the threshold current versus lasing wavelength curves in Fig. 5.15

can be qualitatively explained with the quantum well gain model in Appendix D (as is

done in Section 3.6). Figure 5.16(a) shows the threshold current versus lasing wavelength

results for Quick visible VCSELs (sample XD0701C) with 5 and 10 tim diameter optical

apertures, in 15 and 20 gtm diameter mesas, respectively. Superimposed on the plot is the

calculated (normalized) gain spectrum for a 6 nm thick Gao.431n0.57P quantum well,

surrounded by (AlO.sGaO. 5)0.51n0 .5 P barrier layers. Figure 5.16(b) shows the calculated

gain spectra at different quantum well carrier densities. As the quantum well -arrier

density increases, the spectral gain rises and first reaches threshold at the n=l gain peak

near -665 nm (a small red shift due to heating is expected). With further increases in

current (and thus carrier density), the spectral gain increases and lasing is achieved at

wavelengths on either side of -665 nm. As a result, the threshold current versus lasing

wavelength curve is roughly the inverse of the spectral gain curve, around the n=l gain

peak. The asymmetry in the curve is due to heating effects. As the carrier density

increases with injection current, the device temperature increases. The increased

temperature, along with exchange and correlation effects, decrease the energy bandgap of

the quantum well(s). This causes a red shift in the spectral gain, along with a reduction in

the gain (compared to the gain at the original temperature).
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Fig. 5.16 (a) Threshold current versus lasing wavelength (or equivalently wafer
position) for Quick visible VCSEL sample XD0701C, superimposed with a normalized
calculated quantum well gain spectrum, and (b) calculated quantum well gain spectra.
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5.5 Continuous Wave Operation

The Quick visible VCSELs in Section 5.4 were tested with CW current excitation.

Figure 5.17 shows the room temperature (23 *C) CW output power and voltage against

current curves (L-I-V) for a device with a 5 pm optical aperture centered in a 15 gim

diameter mesa, emitting at 670.4 nm. The threshold current (Ith) is 5 mA

(Jth - 2.8 kA/cm 2) at a voltage (Vth) of 2.4 V. The resistance remains below 40 Ql past

threshold. The L-I curve rolls over quickly at < 2Ith due to heating effects. Lasing

with CW excitation is obtained over the limited peak emission wavelength range of

670 nm ± 1 nm.

Larger optical aperture Quick visible VCSELs operate CW only at reduced

temperatures. Figure 5.18 shows typical CW L-I-V curves for a device with a 40 jim

optical aperture in a 50 gm diameter mesa. The peak output power is 3 mW at 100K

(6t = 22 mA, Vth = 3.7 V) and drops to -200 W at 260 K (Ith = 35 mA, Vth = 2.7 V).

For this device with peak emission at --661 nm, the lowest current threshold (18 mA,

curve c) occurs at -200K, suggesting that some refinement (shift of the Fabry-Perot

resonance toward the spectral gain peak) for more efficient room temperature operation is

possible. The CW power is > 4 mW for several devices emitting at longer wavelengths.

The second round of visible VCSELs, described in Section 5.4, were also

fabricated into proton implanted structures, as outlined in Section 5.2. A double proton

implant was used for lateral current confinement, with doses of 4 and 1 x 1014 cm-2, at

energies of 410 and 370 keV, respectively. The top contact was rectangular

(-75 x 125 gm), with optical apertures of 10, 15, 20, and 30 Rm. The implant defined

apcrtures were 10, 15, 20, and 30 gm, and thus several combinations of optical and

implanted apertures were available.
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Fig. 5.17 Room temperature (23 °C) continuous wave L-I-V curves for a Quick visible
VCSEL (wafer XD0701C). The lasing emission wavelength is A0 = 670.4 nm.
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Fig. 5.18 Low temperature continuous wave L-I-V curves for a Quick visible VCSEL
(wafer XD0701C). The optical aperture diameter is 40 grm, in a 50 p.m diameter mesa.
(Measurement courtesy of K. D. Choquette [1993]).
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The L-I-V characteristics for implanted visible VCSELs with 10/10 tim and

15/20 pm optical apertureimplant aperture are shown in Fig. 5.19(a) and (b), for lasing at

-670 nn. The temperature is held at 20*C using a thermoelectric cooler. The 10 ptm

aperture device has a threshold current of 1.6 mA (Jth -2.0 kA/cm2 ) at Vth -3V, with a

maximum output power of -0.2 mW. The device resistance remains at - 300 11 with

I > 2Ith. The differential quantum efficiency 11 = (1/hv)(AP/AI) is -5% between

2 to 3 mA, and the peak power conversion efficiency is -3% at 3 mA. On similar devices

near Xo -670 nm, the threshold current was as low as 1.25 mA (Jth -1.6 kA/cm2 ), and as

high as 2.2 mA (Jth -2.8 kA/cm2). The 15 tJm aperture device has a threshold current of

4.6 mA (Jth -1.5 kA/cm2 ) at Vth -2.4V, with a maximum output power of -0.44 mW.

The device resistance remains below -100 0 with I > Ith. The value of il is -4% between

5 to 10 mA, and the peak power conversion efficiency is -3% at 8 mA. A few similar

devices with 20 pim apertures and 20 gtm implant diameters (implanted at -340 keV with

5 x 1014 cm-2) had maximum output powers of 0.45 to 0.55 mW.

Typical L-I-V characteristics for a visible VCSEL with 10/10 gtm optical

aperture/implant aperture as a function of temperature is shown in Fig. 5.20. Continuous

wave lasing is achieved for heat sinking temperatures up to 450C. This indicates that the

heat dissipation in the implanted devices is far superior to that in the Quick VCSELs. The

threshold current continuously decreases with decreasing temperature, indicating that the

optimal overlap between the Fabry-Perot mode and the gain peak, for this particular

device, occurs at reduced temperatures (< 200C). The kink in the L-1 curves below 35*C

represent changes in the transverse modes.

The CW threshold current versus lasing wavelength for sample XD0701C is

shown in Fig. 5.21, for devices with 10 ptm optical and implant apertures. The threshold

current varies slowly with lasing wavelength as compared to the data in Fig. 5.16, with a

minimum threshold (1.9 mA) at -670 nm, and abrupt cut-offs at 656.6 and 684.9 nm. The
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shallower curve indicates that the temperature of the implanted visible VCSEL is not as

variable as is the temperature of the Quick visible VCSEL. Also, a larger fraction of the

injected current goes toward radiative recombination, thus increasing the differential gain

and overall efficiency.

5.6 Conclusions

This Chapter presented the fabrication, characterization, and analysis of the first

electrically injected visible VCSELs with a strained quantum well AlGaInP optical cavity

active region surrounded by AlGaAs DBRs. The Quick VCSEL fabrication process was

developed and proven useful for the rapid (< 1 day) evaluation of VCSEL epitaxial

material. As demonstrated with the second round devices, the performance of ion

implanted visible VCSELs is far superior to that of Quick visible VCSELs (e.g. the

threshold current dropped from -10 mA to -2 mA, and the maximum output power

increased from -25 jiW to -200 jiW, for -equivalent size devices). This is due largely to

improved thermal management (i.e. lower currents generate less heat, and the heat is

more effectively dissipated in the implanted device geometry as compared to the etched

air-post geometry).

Also proven very useful for the evaluation of VCSEL wafers, and for studies of

VCSEL device physics, was MOVPE growth without rotation. For the commercial

production of two-dimensional arrays, however, the rotation would most likely be

employed to yield thickness variations of about ±-1% or less (i.e. uniform lasing emission

across the wafer), unless a specific application required a range of emission wavelengths

from a group of closely spaced devices. Note from Fig. 2.18 that a 1% thickness variation

roughly corresponds to a 5 nm range of emission wavelengths.

The first round of visible VCSEL diodes were shown to operate with significant

gain contributions from the n=2 quantum well state, with emission wavelengths shifted



199

by -20 nm from what would be expected from "n=l lasing". While this is a novel

approach for shorter wavelength operation in visible quantum well lasers, a high price is

paid. The threshold current is 3 or more times higher (since the wells must be filled to

higher carrier densities). The increased current density increases the device temperature

which increases carrier leakage from the quantum wells, and in-turn decreases efficiency.

Lasing with n=2 gain contributions was found in both optically and electrically

pumped/injected visible VCSELs and, based on the measured characteristics, was

attributed to unoptimized utilization of the available gain (i.e. poor overlap between the

quantum well active region and the central standing wave). Except for specialized short

wavelength or two mode switching applications (yet to be proven viable), it is unlikely

that commercial devices would benefit from "n=2 lasing".

With some design "tweaking": 1) to reduce the cavity losses (by reducing the

p-doping in the DBRs and near the optical cavity), 2) to improve the utilization of the

available gain (by reducing the thickness of the quantum wells, and/or the barrier layers

to improve the overlap between the wells and the standing wave peak), and 3) to keep the

series resistance low (by grading the DBR interfaces), the second round devices were

shown to operate with gain contributions primarily from the n=l quantum well state. (The

effect on device performance due to each of the changes cited above deserves further

study). For the first time, efficient CW room temperature operation was demonstrated

with ion implanted versions of these devices (i.e. thresholds below 2 mA with maximum

output powers > 0.2 mW). This last result has proven that the technology is viable, and

has opened the door for large scale development. Much improved device performance is

expected over the next few years (i.e. submilliamp thresholds, maximum powers > 5 mW,

demonstration of high density arrays, CW lasing at X0 -633 nm, etc.).
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Though the developmental path was arduous, red VCSELs have indeed emerged

from the laboratory, progressing from optically pumped structures in the Fall of 1991, to

efficient diodes that operate CW at room temperture by the Summer of 1993.
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Chapter 6 Conclusions

"One moment there had been nothing but darkness; next moment a thousand
points of light leaped out-... t

6.1 Summary

This dissertation explored the design, fabrication, and characterization of visible

("red") vertical cavity surface emitting lasers (VCSELs). In Chapter 2, the general design

principles for VCSELs and related resonant cavity structures were reviewed, with

particular emphasis on materials and structures for visible VCSELs. The range of

possible emission wavelengths from AlGaInP strained quantum well, optical cavity active

regions was investigated theoretically and supported by experimental results. It was

found that uncoupled quantum wells with thicknesses of -3 to 10 nm and compressive

strains of 0 to 0.6% could access the wavelength range of 620 to 690 nm. Further

supporting data on AlGaInP and AlGaAs materials (lattice-matched to GaAs) for

photonics applications, such as the subtle affects of ordering, were presented in

Appendix A. Chapter 2 included a detailed discussion of distributed Bragg reflectors

(DBRs) and Fabry-Perot etalons for visible photonic applications. Both measured and

calculated DBR data was presented. Finally, a comparison of conventional GaInAs

infrared (IR) VCSELs with the new AlGaInP visible VCSELs was accomplished. It was

concluded that visible VCSELs would have lower differential gain and efficiency, and be

more sensitive to heating effects. Also, that AIGaAs DBRs, rather than AIGaInP DBRs,

would be the better design choice for visible VCSELs emitting at ko >- 630 nm.

t C. S. Lewis, The Magician's Nephew (1955).
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The initial studies on optically pumped visible VCSEL structures concentrated on

the emission range of 650 to 660 nm. For the development of visible VCSEL diodes,

however, attention shifted to the longer wavelength range of 670 to 680 nm, where it is

well known that threshold currents are lowest for AlGaInP edge-emitting lasers due

largely to quantum well confinement (leakage) issues. Chapter 3 presented data on

undoped, optically pumped visible VCSELs with both AlGaAs and AIGaInP DBRs.

The structures were grown by metalorganic vapor phase epitaxy (MOVPE) on

GaAs substrates, as described in Appendix B. The quantum well active regions were

designed for emission near -675 nm by employing 10 nm thick Gao.4In0.%P quantum

wells, surrounded by 10 nm thick (Al0.4Ga0.6)0.5In0.5P barrier layers. Optically pumped

lasing (using conservative designs with about four 9's (i.e. Rb >- 0.9999) for the

reflectance of the bottom DBR, and about three 9's (i.e. Rt 2t 0.999) for the reflectance of

the top output coupling DBR) was only achieved with significant gain contributions from

the n=2 quantum well state. In contrast, the previous optically pumped lasing results were

achieved with primarily n=1 gain contributions for structures with thinner wells and

barriers (i.e. 6 nm thick wells and 7 nm thick barriers).

In order to cover both the possibility of "n=2 and/or n=1 lasing", the important

research technique of not rotating the wafers during MOVPE growth was employed. This

also allowed an investigation of the effects of relative mismatches between the Fabry-

Perot mode and the n=l and -=2 quantum well gain peaks. The n=2 optically pumped

lasing results were attributed to inefficient utilization of the quantum well gain, due most

likely to the thick (10 nm) quantum well separation layers (and to a lesser extent due to

the 10 nm thick quantum well layers). The thick barrier layers reduced the overlap of the

quantum wells with the high intensity portion of the standing wave, resulting in less

efficient gain. The calculations of the standing wave on resonance were performed with a
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novel numerical model, based on the conventional matrix method, as outlined in

Appendix C.

The design and spectral characteristics of resonant cavity light emitting diodes

(RCLEDs) were presented in Chapter 4, including the first visible RCLEDs. These

devices served as an important bridge between the undopcd optically pumped visible

VCSELs and the electrically injected visible VCSELs. The RCLEDs were useful as

optical calibration structures for the subsequent MOVPE growth of VCSELs, and for the

determination of optical cavity doping parameters to achieve efficient

electroluminescence. (Also note that RCLEDs could serve as "test beds" for the

investigation of microcavity physics, and, they are viable for a very large, commercial

visible (-560 to 690 nm) LED market). A Classical Wave Interference Model was

developed, and shown to provide a good, semi-quantitative estimate of the expected

emission spectrum from an arbitrary RCLED structure. The spectral characteristics at

several points across unrotated wafers showed clearly the enhanced spectral intensity for

on-resonance wavelengths. The narrowed linewidth of the emission spectra (compared to

the natural emission without the resonant cavity) was correlated to the design of the given

RCLED, such as to the number of top coupling DBR pairs.

The studies of electrically injected visible VCSELs were presented in Chapter 5.

These studies concentrated on the use of AIGaAs DBRs because of the compatibility with

existing fabrication schemes, and because of other advantages over AIGaInP DBRs such

as a reduced number of periods, ease of p-doping, potentially reduced absorptive losses,

ability to be isolated with proton implantation, and reduced thermal resistivity. A Quick

VCSEL fabrication process was developed for the rapid characterization of visible

VCSEL material. As before, the wafers were not rotated during MOVPE growth to

maximize the range of possible emission wavelengths. The first round of prototype Quick

visible VCSELs operated with pulsed current excitation at room temperature over the
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range of 639.1 to 660.9 nm, with a maximum output power of 3.38 mW at 650 nm with

Jth -4.2 kA/cm 2 (Ith = 30 mA) and Vth -2.7 V. Due to absorptive cavity losses and the

unoptimized gain layer design (as identified by the optical pumping experiments), lasing

could only be achieved with significant gain contributions from the n=2 quantum well

state. This was the first demonstration of "n=2" lasing in VCSEL diodes of any

wavelength.

The subsequent second round of Quick visible VCSEL diodes included several

design improvements such as reduced p-doping in the DBRs (decreasing absorptive

losses), graded DBR interfaces (reducing series resistance), and reduced thickness of the

quantum well and barrier layers in the active region (increasing the gain efficiency).

These devices were shown to operate pulsed at room temperature over the very broad

range of 629.6 to 691.4 nm, with gain contributions primarily from the n=- quantum well

state, and with threshold currents -1/3 of those for the first round of Quick VCSELs. The

gain characteristics, such as the dependence of emission wavelength on threshold current,

were qualitatively analyzed by employing the standard quantum well gain models

described in Appendix D. The second round of visible VCSEL material was also

fabricated into conventional top emitting, ion implanted devices. These devices operated

continuous wave (CW) at room temperature over the range 656.6 to 684.9 nm, with

threshold currents of -2 mA (Jth -2 kA/cm 2), threshold voltages of Vth -2 to 3 V, and

differential quantum efficiencies of -5%. The output powers ranged from -0.2 mW for

devices with 10 gim diameter apertures, to over -0.5 mW for devices with 20 jim

diameter apertures.

6.2 Suggestions for Future Work

This work has proven that AIGaInP visible VCSELs are practical devices, with

tremendous potential. Indeed, the device performance reported in this dissertation
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approaches that of conventional GaAs IR VCSELs circa 1988. Continued "pushing of the

envelope" toward lower thresholds, higher powers, and shorter wavelengths, is a logical

extension of this work. The following is a brief list of suggestions for future work on the

visible VCSEL, motivated by interesting device physics, manufacturing issues, and by

emerging technological applications. In addition to the suggestions, continued advances

in the epitaxial growth of AIGaInP are essential (i.e. improved doping and compositional

control, development of regrowth techniques), as are advances in the manufacturing

technology (i.e. dry etching of AlGaInP).

Specific suggestions are as follows:

1) Fabricate and characterize 1D and 2D arrays. Investigate the wavelength variation of

devices fabricated from wafers that are rotated during growth.

2) Develop a standard red ().0 - 660 to 690 nm) VCSEL technology. Further investigate

the structured cavity mode to gain misalignment for maximum output power (also reduce

the number of DBRs), or for minimum threshold current. Investigate and model heating

effects, and methods to stabilize device operation. Investigate the polarization and modal

characteristics of the lasing emission.

3) Investigate shorter wavelength operation (5 650 nm). Develop devices for efficient

emission at X0 - 632.8 nm to replace HeNe lasers in barcode scanning or other

applications.

4) Develop VCSELs for operation at X0  650 nm for use in plastic fiber communication

systems. Develop RCLEDs for efficient emission at 650 nm and 575 nm.
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5) Developed and characterize an all-AlGaInP visible VCSEL diode for comparison to

the hybrid AlGaInP/AlGaAs visible VCSEL diode.

6) Decrease the thickness of the optical cavity active region to 1 or 2X. Explore other

means of reducing cavity losses such as pulse doping at the standing wave nodes.

7) Investigate the role of the AlGaInP-AIGaAs heterointerfaces on the performance of

hybrid visible VCSELs. Investigate hybrid AIGaInP/AIGaAs DBR schemes.

(For example, surround the optical cavity with a few AlGaInP DBRs, then switch to

AIGaAs, or, explore a (p)DBR composed of C-doped AlAs and Mg or Zn-doped

(AlyGal.y)0.51nO.5P y -0.2 X/4 layers for minimal valence band offset and improved

doping control).

8) Explore novel device geometries, such as those that employ dielectric top DBR

stacks, those that place the p-doped DBR on the bottom next to the substrate, or those that

employ hybrid wafer fusion techniques.

9) Explore optoelectronic integrated circuits that combine red VCSELs with other

devices such as heterojunction transistors and detectors. Demonstrate smart red pixels.

10) Continue the investigations of the optimal thicknesses of the quantum well and

barrier layers, optimization of quantum well gain, and the overlap of the standing wave

with the gain layers.



Appendix A Material Parameters

This Appendix reviews some selected material parameters of AlGaInP and

AIGaAs relevant to the design of visible photonic devices. Some specific data on bulk

and quantu" well AlGaInP material grown at Sandia National Laboratories by

metalorganic vapor phase epitaxy (MOVPE) is also presented.

A.1 Energy Bandgap and Lattice Constant

Plots of energy bandgap (lowest energy transition) and photon wavelength against

lattice constant are given in Fig. A.1 (a) and (b). The photon wavelength (X,) is calculated

from Xjifm) = 1.2 39 8/Eg (eV). The data correspond to the equations in Table A. 1.

A.2 Refractive Indices

This section reviews the refractive indices for (AlyGal-y)0.5In0 .5 P (0.0 • y < 1.0)

and AlxGal.xAs (0.0 < x < 1.0) over the approximate energy range 1.0 to 2.3 eV,

corresponding to the photon wavelength range 1239.8 to 539.0 nm. This data is used in

the matrix calculations described in Appendix C. The complex refractive index (N) is

given as N = n -ir, where n is the real part and r, the extinction coefficient, represents the

imaginary part. The absorption coefficient x is related to K by

a = 4,KAO (cm-1) (A.1)
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Table A. 1 Equations for Energy Bandgap and Lattice Constant

material Equation composition at direct

indirect crossover
AlxGal.xAs: Egr 1.424 + 1.087x + 0.438x2 Xr.x - 0.43

EgX = 1.905 + 0.IOx + 0.16x2

ao = 5.6605x + 5.6533(1-x)

Gal-xlnxP. Egr 2.78 - 2.215x + 0.786x2  (1-x)r.x - 0.27
EgX = 2.26 - 0.0815x
ao = 5.8688x + 5.4512(1-x)

A1xGal.xP: EgX = 2.43x + 2.26(1-x) no crossover
ao = 5.451x + 5.4512(1-x)

Alxlnl.xP: Eg r = 1.351 + 2.23x 0.0-< x5 0.44
Eg^ = 2.43x 2.26(1-x) 0.44:< x < 1.0
ao = 5.451x + 5.8688(1-x)

(AlyGal.y)0.51n0.5P Egr= 1.91 + 0.6 1y xr.x - 0.7

(lattice matched at EgX = 2.25 + 0.ly
-700 °C to GaAs) ao = 5.6533

where Xo is the free space wavelength. Note that ic = 0 near and below bandgap, except

in cases of high doping. A plot of the real refractive index dispersion of unintentionally

doped (AlyGa.-y)0.sInO.5P, in Ay = 0.2 steps, is given in Fig. A.2. Each curve stops at the

energy corresponding to the lowest bulk direct bandgap energy transition for the given

composition. This data was obtained from reflectance measurements at IR wavelengths

and a fit to a single effective oscillator model [Tanaka et al. 1986]. Thus the values at

visible wavelengths are extrapolated. Accurate absorption data near and above bandgap

are not available for AIGalnP and values must be estimated. This is not true of

AlxGal.xAs. A plot of the real refractive index dispersion for unintentionally doped
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AlxGal.xAs below the lowest energy bandgap at a given composition is given in Fig. A.3.

This data is from a model that neglects absorption but with parameters fit to

measurements over the indicated range of wavelengths [Adachi 19851. Accurate data for

n and ic for AlxGal.xAs, for specific values of x, from 1.5 to 2.5 eV is available [Aspnes

et al. 1986]. A plot of n and Kc for x = 0.0 and 0.5 is given in Fig. A.4. The values for

x = 0.5 were interpolated from measured data at x= 0.491 and 0.590.

A.3 General Parameters

Tables A.2 and A.3 list several material parameters for (AlyGa-y)0.51In0P and

AlxGal.xAs binary, ternary, and quaternary compounds.

Table A.2 Binary Material Parameters.

Parameter unit ALP GaP InP AlAs GaAs

ao A 5.4510 5A512 5.8688 5.6605 5.6533

Egr eV 3.62 2.78 1.35 2.95 1.42

Egx eV 2.43 2.26 2.26 2.17 1.91

Ao eV 0.1 0.1 0.1 0.30 0.34

C11  xl0 12 dyn/cm 2  1.32 1.412 1.022 1.202 1.188

C12  x10 12 dyn/cm 2  0.63 0.63 0.576 0.57 0.538

me*/- 0.39 0.17 0.08 0.15 0.067

mhh*/mo - 0.67 0.67 0.60 0.76 0.62

mlh*/mo - 0.20 0.17 0.12 0.15 0.087
[Adachi 1985, Wang et al. 1990, Madelung 1991]
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Table A.3 Ternary and Quaternary Material Parameters.

Parameter unit Gafslno.P Alo.5Ino4.P (AlXGa-y&).5Mlno.5P
ao A 5.6533 5.6533 5.6533

Egr eV 1.91 2.52 1.91 + 0.61y (random)

1.84 2.52 (orcurded)

EgX eV 2.25 2.35 2.25 + 0.10y

AO eV 0.1 0.1 0.1 + 0.035y

me*/mo 0.11 0.35 0.11(y50.7 ) 0.35(x>0.7)

Mhh*/mo 0.64 0.67 0.62 + 0.05y

mlh*/mo - 0.11 0.14 0. !1 + 0.03y

CjI xl0 12 dyn/cm 2  1.22 1.17 1.2 2 - 0.05y

C12 xl0 12 dyn/cm 2  0.60 0.60 0.60

[Bour 1993, linear interpolation]

A.4 Epitaxial Growth and Ordering of AIGaInP

The optical properties of GaInP (and AIGaInP) are influenced by an ordered phase

that occurs naturally, under certain crystal growth conditions, on the group III sublattice

[Suzuki et al. 1988, Valster et al. 1991, Schneider et a. 1992]. As shown in Fig. A.5, the

ordered alloy of GaInP consists of alternating monolayers of GaP and InP on ( 1111

planes. This ordering occurs along two variants of the four (I 111 planes, ( 11) and (ITI).

In normal ternary alloys, the group III atoms would randomly occupy group m sublattice

sites. Long range ordering is directly related to a reduction in the GalnP energy

bandgap of up to -135 meV as compared to fully disordered (random) epitaxial layers

[Valster et al. 1991, Schneider et al. 1992]. Figure A.6 is the low temperature (12K)

photoluminescence (PL) data from a study of Ga0.5In0.5P ordering. Bulk layers (-0.5 Atm

thick) were grown by MOVPE over a range of substrate temperatures (600 to 8000 C) on

(100) GaAs substrates misoriented W0 and 20 toward the nearest <1 10>, and 5P and 60 (not
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Fig. A.5 (a) Unit cell of ordered Ga0 .51n 05.P [Bour 19931, and (b) schematic diagram
of a Gal-xlnxP ordered crystal grown on (001) oriented GaAs [Ueno 19931.
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shown) toward the nearest <111>A. The degree of disorder generally increases,

corresponding to increased PL emission energy, as the substrate misorientation is

increased. For a given misorientation, the PL energy is higher below 625 °C and above

725 °C, corresponding to increased disorder. Additionally, the PL linewidth generally

decreases with increased disorder.

A.5 Photoluminescence of AIGaInP Structures

The low temperature (12K) normalized PL for disordered, undoped

(AlyGaj-y)0.5 1nO.5 P bulk epitaxial layers with y = 0.0 to 0.5 in 0.1 steps (except y = 0.1)

is shown in Fig. A.7 [Schneider and Lott 1991]. These layers were grown on (100) GaAs

substrates misoriented 60 toward the nearest <11 1>A. The observed emission color is

noted, along with the peak emission wavelength. At room temperature, the emission

shifts about 30 nm to longer wavelengths for each composition.

The 12K PL spectra from Gal-xInxP/(AlO. 7 Gao.3)0.5 lnO.5 P multiple single

quantum well (MSQW) test structures with well thicknesses of 9, 6, 4, 2, and I nm and

barrier thicknesses of 60 nm are shown in Fig. A.8 [Schneider 1993]. The upper curve (a)

is from a sample grown at 750 °C on a 60 misoriented (100) wafer with x = 0.56

(c = 0.55% compressive strain). The sample represented by curve (b) is identical, except

it was grown at 675 'C on a 20 misoriented (100) wafer. The PL peaks in curve (b) are

broadened and shifted toward longer wavelengths, indicating increased ordering. The

lower two curves in Fig. A.8, (c) and (d), are from samples identical to those represented

by curves (a) and (b), respectively, except that y = 0.5 (i.e. lattice matched). Compared to

curves (a) and (b), these curves are shifted toward shorter wavelengths due primarily to

the increased energy bandgap of the quantum wells. The results in Fig. A.8 are

qualitatively similar to those of a previous study by Valster et al. j1991].
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Fig. A.7 Low temperature photoluminescence of disordered (AlyGal.).sIn0.5P
epitaxial layers grown on (100) GaAs substrates misoriented 50 toward the nearest
<111 >A, with y = 0.0, 0.2, 0.3, 0.4, and 0.5 [Schneider and Lott 1991].
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Fig. A.8 Low temperature photoluminescence spectra of ordered and disordered,

strained and unstrained, AIGalnP quantum well heterostructures. Each structure contns

five Ga I-xlnxP quantum wells that are 9, 6, 4, 2, and I rnm thick, separated by 60 nm thick

(.Al0.7Ga0.3)0.51n0.5P barrier layers. Curve (a): x- 0.56, T9 = 750 *C, 6* off (100)

substrate. Curve (b): x - 0.56, T9 = 675 *C, 2* off (100) substrate. Curve (c): x -0.50,

Tg = 750 *C, 6* off (100) substrate. Curve (d): x - 0.50, Tg = 675 *C, 2* off (100)

substrate. The strain (e) for spectra (a) and (b) is -0.55% [Schneider 1993].
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A.6 Heterojunction Band Offsets

The band offsets for the (AlyGaj-y)0.51n0.5P system are not accurately known. The

conduction band offset has been given as AEc = QcAES, with 0.39 < Qv < 0.75

[Liedenbaum et at. 1990, Valster et al. 1991, Bour 1993, Schneider et al. 1993). It is

generally agreed that the direct/indirect crossover point occurs at about y - 0.6 to 0.7, and

that this composition gives the largest conduction band offset to Gal.xlnxP. For this

dissertation, Qc is estimated to be 0.6. The value of Qc for AlxGal.xAs is also believed to

be -0.6. Using these values for Qc, the data in Tables A. 1 to A.3, and a Qc = 0.4 for the

GaAs/Gao. 51n0.5 P heterointerface [Gunapala et al. 1990, Hatakoshi et al. 1991,

Masselink et al. 1992], Fig. A.9 was constructed. The relative energy differences in this

plot can be used to estimate the energy band offsets for any given AlxGal-xAs and/or

(AlyGal-y)0.5 In0.5 P heterojunction.
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Appendix B Metalorganic Vapor Phase Epitaxy
System

This Appendix contains a brief overview of the Aixtron 200 low pressure

metalorganic vapor phase epitaxy (MOVPE) system. This system was used to grow the

structures described in this dissertation [Schneider 19931. A simplified schematic is

shown in Fig. B.1, and a summary of precursors is given in Table B.1. The system

consists of a low-pressure horizontal quartz reaction chamber with infrared lamp heating

and a very fast vent-run switching manifold. Growth is on one 2-inch wafer per run, with

or without rotation. As in most MOVPE systems, Pd-purified hydrogen is used as a

carrier and dilution gas. The metalorganic (alkyl) bubbler sources are adduct purified and

kept in temperature controlled baths at 13*C (trimethylindium) or 17"C (all others). Two

each trimethylaluminum (TMAI) and trimethylgallium (TMGa) sources are used. This

minimizes flow-rate changes in the bubblers that could lead to non uniform delivery. This

is important for precise thickness and compositional growth control of GalxlnxP/

(AlyGal-y)0.5 InO.sP strained quantum well active regions. The multiple sources are also

important for the precise growth of AllnP/AIGaInP and AlAs/AIGaAs distributed Bragg

reflectors. For AlGaAs, the p-type dopant is C from the CCI4 bubbler, while for AlGaInP

the p-type dopant is either Zn or Mg. Both materials are doped n-type with Si. The gas

handling system includes several electronic mass flow controllers (MFCs) and pressure

controllers (PCs) that deliver precisely metered amounts of reactants at very high flow

rates. This feature allows the accurate growth of very thin layers such as quantum wells.
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Fig. B. Simplified schematic diagram of the Aixtron MOVPE system.
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Table B. I Summary of Precursors for the Aixtron MOVPE System

Source abbreviation formula delivery type comment

100% hydrogen H2 bottled gas career/dilution gas

100% phosphine - PH3  bouled gas hydride P (group V)

100% arsine AsH3 bottled gas hydride As (group V)

diethylzinc DEZn (C2H5)2Zn bottle or bubbler metalorganic Zn (p-type dopant)

carbon tetrachioride CC14 liquid in bubbler chloride C (p-type dopant)

100 ppm disilane - Si2H6 in H2 bottled gas hydride Si (n-type dopant)

trimethylaluminum TMAI (CH3)3A! liquid in bubbler metalorganic Al (group II)

trimethylgallium TMGa (CH3)3Ga liquid in bubbler metalorganic Ga (group III)

trimethylindium TMIn (CH3)31n solid in bubbler metalorganic In (group 11)

bis(cyclopentadienyl)- Cp2Mg (C5H5)Mg solid in bubbler metalorganic Mg (p-type dopant)
magnesium

Also, a complex set of pressure actuated valves are used to control the gas flow at key

points in the system. The valves, for example, start and stop the flow of the precursors.

They also independently direct the precursors into the reaction chamber or into the vent

line. The diluted precursors are mixed in a common manifold at the entrance to the

reaction chamber and flow quickly through the susceptor hot zone where pyrolysis

occurs, resulting in epitaxial growth. The excess gas flows into the exhaust and is fed to a

scrubber which cracks the ,onztituents into nontoxic end products for atmospheric

release. The entire system is under computer control and follows a sequential program.

Typical growth pressures of 80 to 110 mbar are used for the growth of AIGaAs and
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AIGaInP compounds, respectively. The growth temperature is nominally 725 to 775 OC,

and the growth rates are -5 to 9 A/s for AlGaAs and -6 to 7A/s for AlGaInP. Although

the exact growth mechanisms are not known, the following simplified reactions describe

the MOVPE growth process for AIGaAs and AIGaInP:

x (CH3)3AI + (1 - x) (CH3)3Ga + [AsH3] Zlr-> [AIxGal.xAs] + 3[CH4]

y (CH3) 3AI + (1 - y) (CH3)3Ga + f(CH3 )31n] + 2[PH3]

775!C> 2[(AlyGa:.-y)0. 5 lnO.P] + 6[CH4J

where 0.0 5 x, y < 1.0. Detailed information on crystal growth by MOVPE is found in

the review article by Ludowise [1985], and in the book by Stringfellow [1989].
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Appendix C Matrix Calculations

This Appendix briefly reviews the 2x2 matrix calculation that is used to model the

electric field intensity on resonance for visible vertical cavity surface emitting lasers

(VCSELs). Similar methods are used throughout this dissertation to model the

reflectance, reflectivity phase, transmittance, and absorptance of VCSEL and related

structures such as distributed Bragg reflectors (DBRs). Computer programs (written in

Pascal) that incorporate these methods have been developed and serve as useful design

tools. The computer programs allow for very general layered structures, defined by an

input file, where the refractive index N(w) = n(c)) - iic(O)) is complex in each layer in

order to adequately model absorption. Also, the angle of incidence (with s- or p-polarized

fields) is arbitrary. In general, however, the field parameters at normal incidence are of

the most interest. The 2x2 matrix equations used to design multilayer optical interference

coatings are well established and covered in varying detail in standard textbooks [Born

and Wolf 1975, Yeh 1988, MacLeod 1989, Thelen 1989, and others]. Two types of

matrix approaches are commonly used, based on 2x2 "characteristic" or "transfer"

matrices with complex number entries. Both methods rely on the following assumptions:

1) nonmagnetic films

2) isotropic and homogeneous materials

3) smooth interfaces without scatter

4) plane parallel films of infinite lateral extent

5) semi-infinite incident and substrate media

6) linear w.ave equation
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The characteristic matrix approach relates the complex amplitude of the sum total of both

the electric and magnetic field vectors (tangential components) at a given boundary

(interface) to these same fields at the adjacent boundary. Each 2x2 matrix includes the

parameters of the individual layers such as the refractive index, thickness, and angle of

incidence. In contrast, the transfer matrix approach uses 2x2 "dynamical" and

"propagation" matrices to relate the incident (E +) and reflected (E -) electric field vectors

to the same quantities at either side of a given interface or an adjacent interface. The

matrices are multiplied together, in proper order, to find an overall transfer matrix for the

multitude of layers. Both approaches were computer coded and found to run at nearly

identical speeds, with and with out the use of Chebyshev polynomials to calculate the

powers of the complex 2x2 matrices for blocks of repetitive layers. The transfer matrix

approach [Yeh 19881 was implemented to calculate the electric field intensity (standing

wave pattern) on resonance as described below.

A general VCSEL structure for modeling purposes is shown in Fig. C.1. The

amplitudes of the incident (Eo +) and reflected (Eo-) electric field plane waves at x = 0

are related to those at x = N (Es + and Es -) by

(E0+ )= M11 M12)( Es+ (C. 1)
Eo M2 1 M22 Es

where the transfer matrix M is

MI I N

21 MrI=DD;Pi DtPID (C.2)
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Fig. C. 1 A multilayer VCSEL structure used to model the electric field intensity
on resonance.
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and I = 0, 1, 2,... N, s. At normal incidence, the dynamical matrices for arbitrary layer I

are given by

DI ) and Dj1 =f( 1~ '/N (C.3)SNI -NIt -11N, t

where Ni is the complex index of refraction for layer 1. The propagation matrix for layer

Pj is given by

{ei'0 0)
P (It (C.4)

0 e-fipt

where

(pt = ktx di and k& = Nt - = Nt 21L (C.5)co X 0

and where dt is the thickness of layer I and ktx is the x component of the wave vector.

The complex electric field amplitude throughout the structure is given by

fE +e-ikox(x-xo)+E-eikox(xxo) x <

E(x)= Ete-ik t+(x-xt)+EIeikb&(x-xt) xI. < x <xI (C.6)

SE s+ e-iksx (x -xN) + E s eiksx (x- xN) xN < x

From Eq. (C. 1), the reflectivity coefficient (p) with Ej = 0 is given by

p 2(C.7)
M11
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The reflectivity magnitude for typical VCSEL structures is > 0.999. To solve for the

electric field intensity on resonance, the complex part of the refractive index (ic) for the

quantum well layer(s) is phenomenologically made negative (providing uniform gain) to

cause the reflectivity to reach exactly 1.0 over a range of wavelengths slightly above and

below the Bragg design wavelength (ko), so that E, + = E0 '. The gain per well goes

through a minimum as a function of wavelength, quickly found numerically, and this

wavelength is taken as the resonance wavelength. Once p = 1.0 is found, the values of the

complex electric field amplitudes at the interfaces are known and Eq. (C.6) is used to

calculate the electric field intensity throughout the entire VCSEL structure. The

assumptions in the calculation are that the reflectance of the bottom DBR is 1.0, as seen

from the optical cavity, and that the quantum well(s) provide uniform and equal gain.

This calculation method is useful for modeling various constructions of the VCSEL such

as designs with hybrid dielectric/semiconductor DBR mirror stacks. It is also useful for

examining the overlap of the electric field intensity with the quantum well(s) in gain

calculations, and for modeling the phase penetration depth of the standing wave into the

DBR mirrors.
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Appendix D Quantum Well Gain Calculations

This Appendix overviews two optical gain models for AIGaInP quantum well or

similar structures, including a first order conventional model, and a semi-quantitative

model. The models are useful for the analysis of the optically pumped and electrically

injected visible vertical cavity surface emitting lasers (VCSELs) presented in

Chapters 3 and 5.

Optical gain in semiconductors is commonly calculated using perturbation theory

(i.e. Fermi's Golden Rule) [Holonyak et al. 1980, Arakawa and Yariv 1985, Yariv 1989,

Zory 1993]. The end result is a spectrally dependent gain coefficient that is a parametric

function of carrier density, or radiative current density. Several key factors determine the

gain spectrum such as the carrier distribution in the energy bands, the transition (matrix

element) probabilities, and the intraband relaxation of carriers due to scattering processes

[Zory 1993]. The latter effect is usually included by convolving the expression for gain

with a spectral lineshape function over all transition energies, effectively smoothing the

gain spectrum. Other effects add further complexity, including for example carrier

leakage out of a quantum well, nonradiative (Auger) recombination, bandgap

renormalization (many-body interactions), and quantum well strain [Corzine et al. 1993,

Kamiyama et al. 1993]. Compressive strain splits the heavy- and light-hole valence band

degeneracy and results in a reduced in-plane heavy-hole mass. This reduces the density of

carriers needed to reach transparency and also the threshold current density.

For the first order conventional model, assuming parabolic bands, the gain of a

quantum well is [Chinn et al. 1988]
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g() q2•MP2 mr. ij qij Aij [fc - fv] H(E - Eij) (cm"1) (D.l1)

E E emi Co h n L,- j

where E is the energy, IM12 is the transition matrix element, mr, ij is the reduced mass for

transition i to j (i and j are integers, 1, 2, 3,..., referring to the quantized electron, heavy

hole, and light hole states), Cij is the strength of the transition or degree of wavefunction

overlap, Aij accounts for the polarization dependence of the i to j transition. fc and fv are

the Fermi-Dirac distribution functions, Eij is the transition energy, H is the Heavyside

function, Lz is the quantum well thickness, and n is a effective group refractive index of

the quantum well material. The transition matrix element is given by [Agrawal and

Dutta 1986]

IMI 12 . mjEg (ES + •o) (kg-J) (D.2)
12 m,(Eg +2Ao/3)

where Eg is the quantum well energy bandgap, me is the effective conduction band

electron mass, and Ao is the split-off band energy. The reduced mass, for the transition

from the ith quantized electron state to the jth quantized hole state, is

= =mI + I (kg-1) (D.3)mrý. j mI 03.3

Assuming rigorous k-selection rules, Cij becomes

0 ifi •j

C ij = if (unidess) (D.4)1 ifi--j
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Considering only the amplification of transverse electromagnetic (TE) radiation, Aij is

given by [Chinn et al. 1988]

I-(I + E/Eij) for heavy holes
.L =4 (5 - 3E/Eij) for light holes (ntes D5
4

The Fermi-Dirac distribution functions are given by

fcexp(E - EIc]IkT) (unitless) (D.6)

f C = exp([Eh - Ef]/kT) (unitless) (D.7)

where for parabolic bands [Corzine et al. 1993]

E = E + (E - Eq) (eV) (D.8)

Eh = -,v - (E - Ej) a (eV) (D.9)

where Ec and Ev are the relative energies of the conduction and valence band,

respectively. Finally, the Heavyside function H is

H(y)= 0 if y < 1.0 (unitless) (D. 10)1 if y_>1.0
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Once g(E) is found, this gain is convolved with a spectral lineshape function to account

for spectral broadening due to intraband scattering. The convolved "smoothed" gain is

given by (Corzine et al. 19931

G (Am) = g(E) L(E) dE (cm-1) (D.1 1)

where G (ho)) is the gain at photon energy hso, and the integral is taken over all possible

transition energies (E). A common phenomenological lineshape function L(E) is the

Lorentzian, given by [Asada 19931

L(E) -= 1'S 0/ (-(D.12)1 (E - W?)) + (hlT)?

where Zc (-1 x 10-13 seconds) is the intraband scattering time.

The gain calculation proceeds, using Eqs (D.1) to (13.12), once the density of

carriers in the quantum well is known or defined, assuming charge neutrality such that

Ne = Ph for an undoped quantum well, where Ne and Ph (= lnh + PIh) are the density of

free electrons and holes, respectively. The relationship between the electron carrier

density and the energy difference between the ith quantized electron state and the quasi-

Fermi level in the conduction band (Eci - Efc), assuming parabolic subbands, is

4xkBT 2N = mj In{I +exl -(Eci-EfCkBT]} (cm 3 ) (D.13)
h2 Lz i=I

where mei is the in-plane conduction band effective mass. The equivalent expression

for Ph is
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Fh 4 xkB T2

h Ink i4Inkl( +Texp-E.j- Ef.,NT]) (cm"3) (D.14)
k=hhlh h2 Lz i=1

Thus given Ne and Ph, Eqs (D.13) and (D.14) are solved for Eci - Ere and Evi - Efv, and

then Eqs (D. 1) to (D. 12) are solved to determine G (&w).

The reduction in energy bandgap due to many-body interactions is taken as

[Chinn et al. 19881

AlEg - -(3 x 10-8) N 'Q (eV) (D. 15)

where AEg is the shift in r-point bandgap energy due to the volumetric quantum well

carrier density NQW (in units of cm-3).

In a similar manner, the rate of spontaneous emission is [Zory 19931

R(E) q2nEIM1 _2 Ymr, ij Cij [f (I - f,)] H(E - Ei)(/J-cm2-s) (D.16)g om~co3 h4 L ~ij

and the radiative volume current is given by

JRad = q J• R(E)dE (kA/gm-cm2) (D. 17)

Multiplying Jra,: hy the quantum well thickness gives the radiative current density.

As an alternative to the conventional gain model, a useful semi-quantitative

optical gain model was developed that is far less difficult to implement [Mittlestein et al.
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19861. The model only considers the n=1 and n=2 quantum well states, and no distinction

is made between valence and conduction band states. The modal gain (rg) is given by

rg(E)2=C Y [2fc(E)- 1] (cm-1 ) (D.18)
g = I exp([En - E]/AE) + I

where E is the photon energy, the constant C is the maximum available modal gain per

quantized state (C - 45 cm-I for a GaO.51nO.5P quantum well surrounded by

(AlyGa,-y)0.sInO. 5P y-0.5 barrier layers), En is the quantized state energy (n = 1, 2), and

AE - A/rc is a phenomenological intraband scattering term. As before, charge neutrality is

assumed. The inputs to the model are the desired carrier density, the quantum well

transition energies, and the lattice temperature. The transition energies are calculated

separately beforehand by using a standard finite rectangular well model that accounts for

strain [Bastard 1990, Krijn 1991, Weisbuch and Vinter 19911. Given a value for Ne,

Eq. (D. 13) is used to iterate to a solution for Eci - Efc. Then, fc is found from Eq. (D.6),

and Eq. (D. 18) is used to calculate the modal gain as a function of photon energy E = hwo.
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